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BIOLOGICAL EFFECTS OF MILLIMETER-WAVE IRRADIATION

INTRODUCTION

The increased use of millimeter waves for civilian and military purposes
has generated great interest in the possible health hazards of millimeter-wave
radiation at thermal and nonthermal levels [l]. Also, the presence of several
reports indicating that biological effects could be’ induced "by low-level
radiation (<5 mW/cmz) has stimulated interest in the more basic question of

the mechanisms of interaction of millimeter waves with biological systems.

This project has approached the question of the biological effects of
millimeter waves on several fronts: independent verification of the reported
frequency-sensitive growth rates of yeast cultures ¢to millimeter-wave
radiation [2-4], Raman spectroscopic studies of bacterial cell suspensions and

of a model of cell membranes [liposomes], determination of dielectric

.properties of bilologically relevant samples, and experiments to determine the

presence of surface acoustic waves in polystyrene microspheres and liposomes.

EFFECTS OF MILLIMETER-WAVE IRRADIATION ON
GROWTH OF SACCHAROMYCES CEREVISIAE

The growth of Saccharomyces cerevisiae cultures has been reported [2-4]

to be strongly influenced by millimetcr-wave irradiation around 41.7 GHz. In
particular, a change of only 8 MHz in the irradiation frequency was reported

to be sufficient to alter significantly the magnitude of the effect.

The need to verify such extreme sensitivity of yeast cells has motivated
this section of the project. A new irradiation chamber was designed and built
to allow simultaneous irradiation and sham irradiation of recirculated cell
suspensions. The temperature difference was < 0.01°C and the growth was
measured optically. A klystron, phase-locked by an EIP-578 microwave counter,
was used to generate millimeter waves stable to within t 30 Hz for the 4 h of
irradiation and the frequency was measured with up to ll significant digits.
At least three experiments were done at each frequency. The irradiation

frequencies were in the ranges, between 41.650 and 41.798 GHz, in which the
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N, largest 2ffents were previsusly reported T2-4]1, In these regions the frequen-

:ﬂ cies were 2 MHz apart.

KAt

W

«;t No difference larger than : 4% was detected in the yeast growth ratas at

fnd: any of the irradiation frequenclies. Furthermore, these effects were not sig-

. nificant at the 95% confidence limit. Plate counts performed at the end of

éze each experiment were in fair agreement with the growth data. A complete

thb report on these experiments has been published [5] and its reprint is afttached

;gg as Appendix A.

‘:;';ES' RAMAN SPECTROSCOPY OF LIPOSOMES

$¥; EXPOSED TO MILLIMETER WAVES

!

s Cultures of Bacillus megaterium were reported to show Raman spectra de-

yﬁg pendent on the stage of their life cycle [6, 7). A preliminary study was con-

5 ﬁ: ducted to investigate the spec¢tral features of Raman spectra of B. megaterium

D :: cells after heat and cold shocks, as indicated in references 6§ and 7. No

. biologically related features were detected in the Raman spectra at any stage

éfs of the cell cycle. These results have been published [8, 9], and their re-

vaff prints are attached as Appendixes B and C.

i

B Even {f Paman spectra nhad been detected for cultures of bhacterial cells,

KHRE it would have been rather difficult to ascride their origin to a particular

f‘u structure of molecular process. We, therefore, decided to use anocther ap-

f..: proach to study the nossible mechanism of interaction of millimeter waves witn
hﬂ‘ hiological systems. A relatively simple and well-characterized model of

5:; cytoplasmic membranes has been used; and Raman spectroscopy was used to prove,
kﬁ concurrently with the irradiation, the ability of millimeter waves to induce

&:& conformational changes {n 1lipid bilayers. Experiments were performed on

ﬁ" ‘ dipalmitoyl-phosphatidylcholine (DPPC) liposomes below and above the transi-

tion temperature, 419C, of DPPC. As expected, a2 temperature increase {nduced
spectral changes, while no differences were detected upon millimeter wave
i»~adiation. A4 nonomplete repcrt on these experiments has been published in *-e
Journal 5f Applied Physics 210]. A reprint cooy of reference 'Y is at+acne-

~

a3 Arpendix °.
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BRILLOUIN SPECTROSCOPY OF LIPOSOMES
AND MICROSPHERES

It is possible that surface acoustic waves may be supported on
microspheres and also on liposomes. To test this hypothesis, preliminary
experiments have been performed with Brillouin spectroscopy using a Fabry-
Perot interferometer in single and five-pass configurations. The spectra of
CHCZ4 and of water are shown in Figures 1 and 2. These spectra were obtained
by accumulating 100 spectra on 1024 channels with 2-ms accumulation/channel.
The laser sourcé was set at 488.8 nm and an etalon was placed in the laser.
Experiments are presently underway to determine the -presence of surface

acoustic waves in microspheres and liposomes.

EXPERIMENTAL DETERMINATIOM OF COMPLEX
PERMITTIVITIES OF BIOLOGICAL SAMPLES

We have developed a computer-controlled measurement system operating at
frequencies from 26.5 to 60 GHz. The measurement system is schematically
illustrated in Figure 3. The key components of the measurement system are a
precision slotted line, a diode detector for standing-wave measurements, a
frequency counter EIP-578, and HP 86B computer for overall automation. The
traveling probe of the slotted line is moved in steps of 0.3 mm by a computer-
controlled stepping motor. A large dial indicator calibrated in O0.0l-mm
increments gives the position of the probe. At each location of the slotted
line probe, the standing-wave voltage is measured by the diode detector
(sensitivity: - 60 dBm) via SWR meter, A/D converter and HP 86B computer. By
averaging 10 or more repetitive measurements of standing-wave voltages, the
extreme variation was limited to + 0.06 dB. The standing-wave voltages were
measured at 40 equally spaced positions of the slotted line probe. The phase
and magnitude of the reflection coefficient were obtained by implementing the
three-probe reflectometer formulation given by Caldecott [ll]. Between 20 to
35 independent values of the phase and magnitude of the reflection coefficient
are obtained due to different combinations of the standing-wave voltages. The
accuracy of the reflection coefficient measurements is improved significantly

by averaging these reflection coefficient values.

Using the measurement system of Figure 3, the complex permittivities were

measured for several samples; e.g., 10%7 saline solution, human blood, 20%
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Figure 1. Brillouin spectrum of CHC{, (single
pass, 100 scans, 2 ms/channel).
Free spectral range ~ 18.7 GHz.

-
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Figure 2. Brillouin spectrum of deionized water (single pnass,
100 scans, 2 ms/channel). Free spectral range =
18.7 GHz, phonon shift frequency =~ 5.6 GHz.
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bovine serum albumin (BSA) solution and, preparations of Saccharomvces

cerevisiae with densities of 107 and lO9 cells/m2. The measurements were not
performed in the frequency range of 35 to 40 GHz because of very low output
from the tunable probe of the slotted line. Also, in the frequency range of
46 to 50 GHz, the complex permittivity data were not obtained because of

problems with the stability of IMPATT diode oscillator.

A modified “"infinite" sample method has been developed to determine the
dielectric properties of the biological samples. In this method, an
impedance-matching transformer is used to match an electrically infinite
biological sample to air-filled waveguide. The matching transformer consists
of a Age/é or 3Ag€/4 waveguide section of a suitable low-loss dielectric
material. The choice of the matching transformer material would depend on its
dielectric constant, loss tangent, and machinability. For biological samples,
it has been found that low-loss materials with dielectric coastant hetween b
to 10 are suitable. The modified infinite sample method has several
advantages over other methods (e.g., Von Hippel's short-circuit technique,
microwave bridge method, etc.), including (1) elimination of tedious sample
preparation associated with submillimeter sample lengths, and (2) relatively

easier broadband measurements.

The frequency ranges 28 to 33 GHz, 42 to 45 CHz, and 52 to 57 GHz have
been covered by three matching transformers of alumina of lengths X /4,
BAge/&,and SXge/h, respectively. From wuncertainty analysis, it has been
observed that t 10%Z accuracy in complex permittivity of a biclogical sample
can be obtained if the dielectric constant and the length of the alumina
matching transformer are known to within + 1Z and t 5um, respectively.
Because these types of accuracies cannot be realized by conventional methods,
it is difficult to characterize the matching transformer separately. This
problem has been alleviated by estimating the matching transformer parameters
from measurements with liquids of known dielectric properties; e.g., deionized
water. The measured complex permittivities of deionized water having a
conductivity of 200 uS/m are shown in Figure 4 with the best-fit Debye model

(solid line). The best-fit Debye parameters (es = 78.65, €= 4,04,and T =
8.38 ps) are in fairly good agreement with those obtained from Schwan et al.
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Figure 4. Complex permittivity of water.

[12]. The estimated dielectric constant of alumina matching transformer from
deionized water measurements is 9.25 which is in close agreement with 9.15 *
0.16 measured using Von Hippel's shorted line technique [13]. The estimated

lengths of the matching transformers also agree closely with the physically

measured lengths.

The measured complex permittivity data, along with the data from best~fic

Debye model, are shown in Figures 4-9 for 107 saline, human blood, 20% BSA

. L . ‘s 7
solution, and Saccharomyces cerevisiae cell suspensions of densities 10° and

109 cells/ m&. The Debye equation is given by

E = €
g*-g +.(—s_-—:l-JL ) (1)
® l + jwr we

where, es and € are the static permittivity and infinite-frequency permit-
tivity, respectively. ¢ and T represent ionic conductivity and relaxation
time, respectively. The Dehye parameters (es, €,» T and c), along with

standard deviations, are given in Table | for different biological materials
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(density = 10 cells/m2).
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TABLE 1. DEBYE PARAMETERS FOR VARIOUS
BIOLOGICAL MATERIALS
Temp € € T 9, q RMSE '
Sample [ (°C) s (ps) (S /m) | §
JE
Water i 23!l 78.7¢1.1 4.04 8.58+0.14 0.0 .56 ;
| 10% saline 2311 55.940.9 4.35 ' 7.1040.13 13.4 64
: solution f
Human blood 231 58.0+1.6 4,24 9.64+0.24 1.2 .91
| Bovine serum 23¢l 58.5¢1.4 4.17 7.80+0.19 0.0 .88
albumin 20% |
C. V. !
. |
S. cerevisiae 24%l 61.0¢1.7 4,90 9.06+0.28 0.0 0.77
pT : |
i lO9 celis/mi ! ;
' 1
é E; cerevisiae 24%1 78.3%2.0 ; 4.00 9.00+£0.3 0.0 1.10
i 107 cells/mi } i
Human skin .- 28.5¢1.3 1.50 10.,05¢0.6 0.0 57
. in vivo | e X
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that have bteen tested. The root mean square error (RMSE) given in Table | is

defined as

b
e
i=1 mi i
RMSE = N (2)

* *
where Emi and si represent measured complex permittivity and complex
permittivity from the Detye equation for ith frequency, respectively, and N is

the number of frequencies.

MEASUREMENT OF THE COMPLEX PERMITTIVITY
OF HUMAN SKIN IN VIVO

The computer—controlled measurement system described in the last section
was used for computer permittivity measurements of the human skin in vivo.
The complex reflection coefficient was measured by pressure contact of the
waveguide flange against an area of the body, mostly the palm of the hand.
The high reflectivity of the human skin was reduced by using a quarter
wavelength matching transformer of Teflon. Conmplex permittivities were
determined from measured reflection coefficients using a variational method
iteratively for calculating the input impedance. A zero-finding technique

algorithm was used for optimization.

Figure 10 shows the real and imaginary parts of the permittivity for the
skin of the palm along with the values obtained from the best-fit Debye
equation. Equation | for the Debye relaxation model was fitted to our data
for the frequency band 26.5 - 60 GHz and to the lower frequency data reported
by Hey-Shipton et al. [l4]. The Debye parameters for the skin of the palm are

also given in Table 1.
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Figure 10. Complex permittivity of the
skin of the palm.
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Effect of Millimeter-Wave Irradiation on Growth of
Saccharomyces cerevisiae

LUCIANO FURIA. venBer. 1eee. DOUGLAS W. HILL. axo OM P. GANDHI. FeLLow. IEEE

Abstract—Cultures of Saccharomyces cerevisiae were exposed for 4 h
to millimeter waves in three frequency ranges between 41.650 and
41.798 GHz. The irradiation frequency was stabilized to within =30
He. The temperature difference hetween irradiated and sham-irradi-
ated sumples was maintained to within =0.01°C. Growth was mea-
sured optically during the irradiation, and viability counts were done
at the end of the irradiation. At least three experiments were per-
formed at each of 15 frequencies.

No differences lurger than =4 percent were detected in the growth
rates at any of the seiected frequencies. Such differences were not sig-
nificant at the 95 percent confidence limit. Resuits obtained with plate
counts correlated favorably with the optical absorbance datas. While
our data are in contrast with those reported from other investigators,
these experiments support cunclusions of our previous studies, and of
some other investigators, showing that, under strictly controlled con-
ditioas, no statistically significant nonthermal effects can he induced
hy millimeter-wave irradiation of a variety of prokaryotic and eukar-
votic cells.

INTRODUCTION

INCE 1968 several investigators have reported a va-

riety of biological effects induced by irradiation with
millimeter waves (mm-waves). Many have further
claimed strong dependence on the irradiation frequency.
Representatives of these findings include effects on growth
rates of Rhodotorula rubra [1). Saccharomyces cerevisiae
121-16] Escherichia coli (7). {8]. Cundida albicans [ 1], [9].
reduced viabtlity n Succh. cerevisiue [10]. protection of
rabbit bone marrow cells from X-ray damage [i1]. in-
creased colicin [12] and lambda phage induction in £. coli
[13]. and putfing of giant chromosomes of Acricotopus
{uctdus. an insect [14].

Some reports indicated changes in the magnitude of the
effect when the frequency was shifted by a few mega-
hertz. Furthermore. some reponts were characterized by
the low power densities needed to induce the effect: a
power density as low as 10 uW/cm® was reported to effect
colicin induction in E. coli {12]. An extensive review of
the pubiished literature can be found in [15].

Unfortunately. many of the above mentioned reports
lack essential details of the expenmental procedure and
data. making independent duplication or evaluauon guite
dithcult. Some of tnem. however. have been indepen-
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dently repeated. mostly with negative findings. Some o
the negative experimental results include: no effects of
growth rate of E. coli [16] and no changes in viability o
Succh. cerevisiae [17]. No evidence ot cytological etfect
as determined by electron microscopy [18]. and in proteiq
svathesis [19] were observed in BHK-2! cells exposed tg
202 frequencies in the £- and U- band at various powe
densities. Finally, no statistically significant etfects werg
found on colicin induction [20], [2(]. on mutation rateg
of Salmonella ryphimurium or on induction ot lambdd
phage in £. coli by U- and E-band mm-wave irradiation
122). {23].

A strong dependence on irradiation frequency of the
growth rate of yeast suspension has been reported inde
pendently by two research groups. Devvatkov [1] re
ported increases up to + 30 percent in the growth rate o
R. rubra exposed for 1S hat 7.18 mm (41.783 GHz} an
a decreased growth rate of up to —40 percent when ex
posed at 7.19 mm (41.725 GHz). However. no indica
tions were given about expenmental procedures such a
irradiation conditions, handling of the controls. tempera
ture control and measurement. frequency stability. an
power density.

Grundler. Keilmann. and co-workers [2]. {6] have als
reported that the irradiation ot Succht. cerevisiae in th
41.650-41.800 GHz range. showed buth growth enhunce
ment (up to + 15 percent) and growth inhibition tdown ¢
— 13 percent) tfrequency regions. Frequencies exhibitin
significantly different effects were reported to be onlv
MHz apart. The data suggest that the veast suspension
showed a sensitivity to frequency changes of less than |
part in S000. Due to this reported frequency dependence
this phenomenon has been termed a ““resonant etfect’” {2]4
[6].

Although such reported trequency sensitivity has stimq
ulated interest in the possible mechanism and sitetn) of
action of mm-waves [18]-[23]. [24]. [25]. 1t i~ essential
to establish the validity ot these observanions and theid
tnterpretation. [n the tollowing we report on our experid
ments designed to study turther the possible effects ot mm¢
waves un the growth ot Succh. cereviviae
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glucose agar (Neopeptone® 10 2:1. glucose 40 g:1. Bacto
agar® 1§ g1 stored at 3°C and passed every month. From
these cultures. orgamisms were inoculated in Sabouraud
glucose broth (Neopeptone® 10 g/l. glucose 20 g/l. pH
5.6) and incubated overnight at 32°C on an orbital shaker
(40-50 rpm). The ovemight culture was diluted 1:400
and incubated at 32°C for 2 h on an orbital shaker before
loading each of two irradiation circuits with 2.5 ml of the
suspension. The irradiation and sham irradiation were
started after another hour of incubation in the circuits so
as to irradiate the yeast during the log phase of growth.
The temperature difference between irradiated and sham-
irradiated suspensions was maintained within +£0.01°C
using a nichrome heater placed under the sham-irradiated
sample holder. The suspensions were recirculated with a
penstaltic pump LKB 2115 with a flow rate of 7 ml/min.
The experimental temperature was 32.0 + 0.1°C. The
temperature coefficient of the growth rate was measured
between 30 and 34°C and was 0.024 h™'/°C. The mean
growth rate at 32°C was 0.595 h™', corresponding to a
duplication time of 70 min.

The irradiation time was 4 h with power in the wave-
guide set at 20.0 £ 0.5 mW. Due to the tapered design
of the sample hoider, the power coupling of mm-wave
radiation to the suspension was larger than 99 percent as
estimated from reflected power measurements. Even
though we used continuous wave (CW) microwaves, cir-
culating the suspension did. in fact, provide a modulation
of sorts with a period of 30 s and a duty cycle of 0.06.

Small flow-through cuvettes were placed within the re-
circulating circuits to allow turbidity measurements. For
both the irradiated and sham-irradiated sampies. tnplicate
sets of Jdata were coilected at the beginning of the irradia-
tion and hourly thereatter. All the data coilection. stor-
age. and analysis was performed with an IBM personal
computer. Absorbance values at the observation time in-
tervals were analyzed with a regression analysis program
to fit an exponential curve. The output of the program
gave the estimated mean values of growth rates u; and .
for irradiated and sham-irradiated suspensions. The pro-
gram aiso indicated the 95 percent confidence limits of
the estimated growth rates for each experiment. A typical
exponential growth curve. measured optically. for an ex-
penment without either mm-wave radiation or compen-
satory electric heating is shown in Fig. 1.

Plate counts were done at the end of the irradiation ex-
periment using three 0.2 mi aliquots from each suspen-
sion. After tenfold senal dilution. the suspensions were
plated 1n quadruplicate and colonies counted after 48 h of
incubation at 32°C . Dilutions were chosen to give ap-
proximately 200 colonies per plate

B Microwave Svstem

As mentioned previously. the main feawre of a so-
called ““resonance effect”” 15 1ts strong dependence on the
irradiatton trequency Theretore. some ot the basic re-
quirements tor observing such an ettect should be 1) high
trequency stabidity within a single experniment. 2) high

ABSORBANCE

O SHAM (RRACIATION CIRCUIT
©-@ ARAIATION CIRCUIT

00! T T T
Q [ 2 3 4 8
TIME (M}
Fig. 1. A typical growth curve of Succharomyces cerevisiue suspension

measured opuicaily in the absence of mm-waves. For this parucular ex-
penment the growth rate of the *"sham-irradiation " was 0.531 h ™. while
for the "*irradianon’" circuit 1t was 0.522 h ™' The 95 percent confidence
limits were about £0.015 h™' (£2.5 percent). The points represent the
average of three measurements taken at the indicated ume intervals. the
lines represent the fitted curves caicuiated with an exponential regression
program. The ceil concentrations at the start and at the end of an exper-
iment were in the 6.5 x 10*-1.1 x 10°and 7 x 10°-1.2 x 107 celt mi
ranges. respectively The ume intervais and dilution factors were chosen
SO 4s to do experiments only during the log phuase vt the veust growth
and 10 use the linear response region of the photometric sy stem

precision in the frequency resetting from expenment to
experiment, 3) high accuracy in the absolute frequency
determination. and 4) low noise and narrow bandwidth of
the source. After testing various mm-wave sources such
as free running klystrons and IMPATT diodes. we chose
a klystron, Varian model VA302-BT. phase-locked by a
source-locking microwave counter. EIP model 578. By
using a highly stable quanz crystal enclosed in a temper-
ature controlled oven. the rated frequency stability of the
counter was +50 Hz for a center frequency around 40
GHz. This stability was for at least 4 h. the typical length
of an expeniment. The absolute frequency could be mea-
sured with up to |1 significant digits. The rated aging of
the reference quanz crystal is claimed by the manufac-
turer to give a long-term accuracy (1 year) of the absolute
frequency of less than +8 kHz. The residual haif-power
bandwidth was 40 kHz when phase-locked. as measured
with a Tektronix 491 spectrum analyzer.

The CW power in the waveguide was measured with a
thermustor, Hughes model 4489H. connected to a power
meter, Hewlett-Packard model 432A. A variable atten-
uator was inserted before the thermistor to cut off. from
time to time. the microwave power to the thermistor.
therefore ailowing correction for possibie thermal dnft of
the thermistor. The sample holders were mounted at a 6°
angle directly on the waveguides (Fig. 2) thereby provid-
ing enough tapering to ensure a measured power coupling
of about 99 percent. [t was confirmed durning prefiminan
tests that the reflected power was always less than | per-
cent. regardless of the irmadiation frequency. The tixed
geometry of the sample hotder Jdid not require routine
measurement ot the reflected power. A complete block
diagram of the microwave circuit 1s shown in Fig. 3.
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Fig. 2. Sample holder used for irradiation. The Teflon® coated thermo-
couples were inserted in the suspensions through holes in the silastic
rubber tubing. A—WR-19 waveguide: 8-—ceil suspension circuit; C—
water jacket circuit: D—thermocoupie for the temperature measurement
of the sample at the exit of the sampie holder. Another thermocoupie
was placed also at the sampie hoider inlet. The directions of flow are
indicated by the arrows on the circuits. The nichrome heater was placed
between the waveguide and the sham-irradiation sampie hoider.

. , SOM'CQ-EO“W Angi
' xlyum Power i Phase Lock ?::fv:::: " v
i 1 Adepter Counm Ew-378 |

\

1)
Romate Sonses g .
& n

10 ob Directienst : M

. Coupler \

ey ()
1 T
LI
s ,
b4 .
vanaole vanabie —_—
Kiystron
Vanan /A302.8T7 Attenuator Atenuator
Power lhnﬂ
fnomnluu ND 432

Fig. 3. Block diagram of the microwave >ystem. The Section necessary for
the reflected power meusurement was removed during the actuai exper-
iments.

C. The Irradiation Chamber

The chamber was made with an aluminum box lined
with polyurethane foam. On the bottom of the chamber
we placed a copper tank in which temperature controlled
water was recirculated at the rate of 10 I/min. The water
was circulated from a water bath kept at 32.0 + 0.1°C
by a YSI 72 proportionai temperature controller and a
solid-state cooler (Whirlpool). The waveguides with the
sample holders were bolted on the copper tank. To obtain
a umform temperature distnbution we found it essential
to place an clectric fan inside the chamber. The 60 Hz
magnetic field generated by this fan did not differ from
the background intensity. 3 03 G. at either the sample
holder or the cuvette locauon. A top view of the irradia-
non chamber s shown in Fig. 4 The glass sample holder
fad a volume of H 25 mi12 5 < 03 « 02 cmyand was
connected to the peristaltic pump with silastic rubber tub-
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Fig. 4. Top view of*the irradiation chamber. The copper tank s at
bottom of the chamber. A metallic lid was placed on the chamber dunn
the expeniments. A—penstaltic pump: 8—electnc fan: C—cuvettes f
urbidity measurements; D—opucal fiber bundies: £—sham-irradiati
sample holder; F—irradiation sampie holder: and G—~temperature pro|
for water jackets.

ing (1.3 mm i.d.). Water jackets were placed around th
glass sample holders to improve the thermal exchang
Water for the water jackets was circulated at a rate of |
min, from the same water bath supplying the copper tan
Teflon® coated thermocouples (Bailey-Sensortek [T-1
were placed in the suspensions at the inlets and outlets
the sample holders. These were connected to a digital di
ferential thermometer (Bailey-Sensortek TH-6D) that
lowed a rated precision in the absolute mode of +0.1°
and of +0.01°C in the differential mode. The temperatu
difference was minimized by adjusting the current in t
nichrome heater. No temperature increase due to the m
crowave or ¢lectrical heating was detected in the suspe
sions throughout the experiment. The use of small ¢
vettes, HELLMA 144 O-NS. and the placement of the he
of the peristaltic pump inside the irradiation chamber a
lowed the use of a total suspension volume of 2.5 mi.

D. Optical Svstem

A fiber optic system was used to measure the turbidi
of the yeast cultures and in turn the growth rates of t
organisms. We used optical fibers made with Crofon
(Dupont) fiber bundles (48 fibers, each 0.25 mm in d
ameter). An interference filter (Edmund Scienufic Co
poration, 650 nm center waveiength. 10 nm bandwidt
was placed between the optical fibers and a 150 W frost
tungsten lamp. A stabilized ac power supply was used
obtain_a light output stable to within +0.5 percent. T
turbidity was determined with the optical fibers placed
contact with the walls of the cuvettes. The incident lig
intensity at the cuvette was about 6.5 uW . while the tran
mitted light intensity ranged between 330 and 230 n
The light intensity was measured with a Photodyne XL
photometer/radiometer with sensor head model 250.

RESULTS

The possible etfects of mm-waves on veast suspemm#
were monitored by measuring the growth rate ot the oy
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Fig 5 A typical piot ot absorbance versus concentration. A concentralion  gig 6. Effects of millimeter-wave irradiation on the absolute growth rate

ot 1 corresponds 10 a | 10 dilution of the overmight cuiture. The points
represent the average of three measurements taken at the indicated con-
centrauons. The slope for the ‘*sham-irradiation:” circuit had a coetfi-
clent of 0.112 with a 95 percent confidence limit of +0.003. The *“ir-
radiation”” circuit slope had a coetficient of 0.113 + 0.002. The lines
represent the fitted curves calculated with a linear regression program.
The shaded bar indicates the absorbance/concentration range usually used
for the expeniments.

tures and by performing a plate count at the end of each
of the experiments. The absorbance was calculated as Abs
= log (P,/P,) where P, was the light intensity transmit-
ted through the reference cuvette filled with Sabouraud
glucose broth and P, was the light intensity transmitted
through the cuvettes filled with either the sham-irradiated
or the irradiated suspension. Before each experiment, the
light transmitted by the three cuvettes. all filled with the
growth medium. was verified to be within the resolution
ot the photometer (i.e.. | count 1 nW),

The linearity of the response ot the optical svstem of
both circuits was determined before each expenment using
4 twotold dilution series. whose cell concentration range
was close to that of the actual expenment. A typical ab-
sorbance versus concentration curve is shown in Fig. §.
For a total of 38 tests. the average percentage difference
between the growth rates measured in the two circuits was
+~0.77 percent. with a standard deviation of 0.57 percent.
The maximum difference ever detected was +2.5 per-
cent.

The growth rate was obtained by using a regression
analysis to fit the data to an exponential curve C(r)
C.¢*. where C(r) is the concentration at time /. C, is the
initial concentration. and y is the growth rate in h™' The
percentage difference in the growth rate of yeast cells was
calculated as 100 x ¢ = u vp,. where u, and u, are
the growth rates for irradiated and sham-irradiated cul-
tures. respectively

We pertormed 16 experiments without either mm-wave
irradiatton or electrnical heating. and under such condi-
tions the average difference 1in growth rates between the

arradiated T and the “sham-irradiated ™ circuit was =1 §
= 3 2 percent The average YS percent conhdence limn
ot the estimated growth rate was about =2 3 percent re-
cardless o the circuit or of the presence of mm-wases
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of Succharomyces cerevisiae as a function of frequency for an absorbed
power of 20 £ 0.5 mW. Each point and bar represent the average = |
SD of the experiments at each frequency. Unless otherwise indicated tn
parentheses. three expeniments were performed at each frequency

From these data we can infer that. with at least three ex-
periments for each frequency. the minimum difference L.
significant at the 95 percent confidence limit. was about
+3.5 percent as calculated from L = 1.96 o/vn. where
o is the average standard deviation. 3.2 percent. and n 15
the number of experiments [26]. In the three frequency
ranges that were covered. the selected frequencies were 2
MHz apart. At least three experiments were performed at
each frequency: the actual numbers are indicated in Figs.
6 and 7.

In Fig. 6 the results of mm-wave irradiation on the
growth rate of yeast measured opucally are shown as
averages of the absolute growth rates u. and .. In Fig.
7(a) the same data are also plotted as a percentage ditter-
ence of the growth rates. Paired 7 tests were pertormed on
the absolute growth rates ot trradiated versus sham-trra-
diated cultures. grouped by frequency No stausticaily
significant differences were detected (P > 0.05) at any ot
the selected frequencies.

For most of the experiments we also performed a plate
count at the end of irradiation. The percentage differences
‘between the number of viable population units of the ir-
radiated cuiture minus those of the sham-irradiated are
shown in Fig. 7(b). No staustically sigmificant differences
(P > 0.05) were detected by unpaired  test statistics per-
formed for each experiment, except for some experiments
at some of the frequencies at which 0.01 < P < 0.05.
This. however, never occurred tfor more than halt of the
total number of experiments done at each trequency

We have also performed some expenments at higher
power levels at a fixed frequency of 41 698 GHz The
results are showed in Fig. 8 No effects were detected
even at these higher powers.

Discussion
In the past some nvestgators indicated that the mm-

wave [T} at different treguency ranges alters the growth
rates ot R rubra 1], Succh. cerevisiae |2]-16]. E. con
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Fig. 7. Effects of millimeter-wave irradiation on Saccharomyces cerevis-
iae as a function of frequency. (a) Percentage differences of the growth
rates. (b) Percentage difference in the number of viabie populations units.
Each point represents the average +! SD of the expeniments at each
frequency. Uniess otherwise indicated in parentheses, three expeniments
were pertormed at cach frequency.
109 periment. This difference, however, would have not re-
x *37 e * . sulted in significant differences in the growth rates.
L, o1t [-—-—--- . The spectral characteristics of our microwave source
x| -S54 * can be favorably compared to those of a similar experi-
10~ ment reported by Grundler er ai. {6]. where the bandwidth

0 20 40 60 0
POWER (m W)

Fig 3 Effects of higher power levels on the growth rate of veust. Fre-
quency fixed at 41.6980 GHz. The points at 40 und 30 mW represent
the result of vingle experiments.

{7]. and C. albicans [9}]. Other reports also indicated that
mm-waves enhance the induction of colicin [12] and of
lambda phage [13] in E. coli. These reports prompted
several comparative studies on prokaryotic and eukaryotic
cells such as E. coli [16], Sacch. cerevisiae [17]. BHK-
21 18], [19], and S. tvphimurium [22]. [23]. All these
studies failed to indicate any nonthermal effect of mm-
waves. [n particular, a study on protein synthesis in mam-
malian cells BHK-21 exposed at various power levels
failed to reveal any change due to mm-waves at 202 fre-
quencies in the 38-48 GHz and 65-75 GHz ranges [19].

As shown in Figs. 6 and 7 the present study supports
the conclusions that mm-waves do not affect in a detect-
able manner the growth rate or the viability of yeast ceils.
The average growth rate difference of irradiated cultures
of Succh. cerevisiae differed by no more than +4 percent
from the sham-irradiated at any of the selected frequen-
cies. while the piate counts did not differ by more than
= 15 percent. The larger ditferences in the plate count may
have been due to shight imual concentration differences
resulting from sampling errors that might have occurred
when the circuits were loaded at the beginning of the ex-

was +0.5 MHz. the frequency stability was +0.3 MHz.
and the absolute frequency was accurate to within =0.]
MHz. In particular. the use of very accurate frequency
counters in both this study and the ones reported in (3],
(6] excludes the possibility that we might have used ab-
solute frequencies offest by more than a few hundreds of
a kilohertz. Since a systematic scanning of even a small
portion of the miilimeter-wave band. 30-100 GHz. with
a frequency step of 2 MHz would have required an inor-
dinate amount of time, we have focused the experiments
at the frequency ranges in which the largest effects have
been reported in the past on the growth of Sacch. cere-
visiae (2]-[6].

The objection could be made that the difference in the
resuits could be ascribed to the differences in strain. This
objection postulates the existence of a wild-type strain of
yeast that is naturally sensitive to mm-wave radiation. On
the basis of experience with induced sensitivity to physi-
cal agents. like UV for example, it seems extremely un-
likely that this could happen. In the case of UV, for ex-
ample, the resistance is obtained by selecting those cells
(usually 1 in 10°) that survive UV treatment. In our case
the existence of a mm-wave sensitive strain would 1mply
that either a) the «train used by Grundler and Keilmann
has been used after becoming sensitive to exposure to mm-
wave radiation. or by we used a strain that tor some reason
had lost its sensitivity to mm-wave radiation. The prob-
ability of either phenomenon happening. even though the
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2xact probabiiity cannot be determined. seems (0 be ex-
ceedingly smalil. Furthermore. broloygical effects of mm-
waves have Deen reported i1n a vanety of ditferent hiving
organisms.

It should be pointed out that the points and the bars
shown by Grundler er al. in Fig. 9 of [5] do not represent
the average and the standard error, respectively. of mul-
tiple experiments at the same frequency. Instead. the
poiats are the results of single experiments and the ““error
bar’’ was obtained as follows. Two different spectropho-
tometers monitored the growth of two cuitures prepared
from the same suspension. The maximum percent differ-
ence. over several experiments without microwaves, be-
tween the growth rates of the two cultures was then used
"as the estimated error. Therefore. the *“error bars™’ in Fig.
9 of (5] all duplicate the same information. This repre-
sentation also implies that the authors of (5], [6] assume
the estimated experimental error t0 remain constant re-
gardless of the irradiacion frequency. If all the points
within +4 percent, i.e., their estimated error, of Fig. 9
in [5] are considered as the experimental ''noise.’’ then
the use of a three-point interpolated curve to connect all
the experimental data with a resonant-like curve becomes
quite unjustified. However, even though in (5], {6] there
are not enough experimental data at most of the selected
frequencies to claim a definite effect on the growth rate,
there is an apparent similarity between the results ob-
tained with two independent sets of experiments. using
two different irradiation systems. Furthermore, this sim-
ilarity is also supported by the cross correlation analysis
of the two sets of experiments [5], [6].

The experiments reported in {2]-{6] were not done at
constant mm-wave power: instead. the power varied from
experiment to ¢xperiment between 5 and 40 mW. intro-
ducing thereby another uncontroiled vanable in the ex-
penmental procedure. However. both in the present study
and 1n the ones reported eartier [2]-[6]. no ceil was ex-
posed continuously t0 mm-wave energy due to the small
skin depth of mm-waves and either recirculation or stir-
nng of the cell suspension. In fact. two of the more not-
able differences between the study in {2]~{6} and the pres-
ent one are a) the average time for a single exposure (0.06
s versus 2.0 s for the present study): b) the average inter-
val between subsequent exposures (1.2 s versus 30 s).
Nevertheless, the total time that the average cell was ex-
posed to mm-wave energy is comparable (5 percent ver-
sus 6.7 percent for the current study).

As a suggestion for future studies of bivlogical effects
of mm-waves. we would like to point out that in the past
when the power used was less than S mW/cm* such effects
have been considered “'nonthermal’' in nature [2]-{8].
{131, [17]. suggesung that the microwave-induced heat-
ing could not have caused the reponed effect. However,
the skin Jdepth 6 15 very small n lossy matenals such as
hoiogical media containing large amounts ot water. For
2xamoie in Jdistifled water. 5 iy between 0,78 and 0 23
mm tor rreguencies in the range 0-300 GHz. This leads
to very aign values ot the speciiic absorption rate 1SAR)
in the surtace layers of the exposed medium even for ap-
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parentiv small incident power densites. For example. at
| mW cm°. the surface SAR in water at 40 GHz s 182
W kg. On the other hand. the power Jdensity P Jdecreases
exponentally as P = P ™~ where P s the incigent
power Jdensity and .t is the distance from the surface ex-
posed to the incident field. Therefore. any orgamism lo-
cated more than 3-4 skin depths from the exposed surtace
is subjected only to a negligible fraction ot the incident
mm-wave radiation.

It is therefore important to determine. on an individual
basis. whether such high values of power deposition can
lead to subtie thermal effects or not. Some of the reported
effects have been more appropriately cailed nonthermal
when either of the following circumstancs occurred: a)
the microwave irradiation induced an effect opposite to
that expected by a comparabie increase in temperature: bi
when the effect appeared to be strongly dependent on the
irradiation frequency.

CONCLUSIONS

The current experiments were specifically designed to
gather data that wouid help estabiish the presence or ab-
sence of nonthermal effects and frequency specitic effects
of mm-waves on the growth of cells. This effect. first re-
ported in 1968 [7] for the growth of E. coli was followed
by other reports indicating specific induction of lysogenic
E. coli (13], colicin induction [12]. and others (1])-[6].
[8), [9). The fundamental and empirical significance of
these alleged frequency specific actions of nonionizing ra-
diation in the mm-wave range hardly needs any emphasis.

Contrary to the previous reports [2]-[6] from other in-
vestigators. millimeter waves did not induce any detect-
able effect on either the growth rate or the viabdity of
veast cells exposed tor 4 h to ultrastable millimeter waves
between 41.650 and 41 798 GHz. This report adds 10 4
growing list of others [15]-{23] showing that under care-
tfully controlled expenmentai condiuons. no nontheimai
effects of miilimeter waves on unicetlular organisms ire
evident.

This conclusion suggests extreme caution when uncon-
firmed reports are used as a basis for broad generaliza-
tions of diological effects of millimerer waves {24}, [25]
by authors who also suggest the possible use of mm-waves
for cancer diagnosis {27), {28 and therapy [29]. and a
possibie means of ceil communication [24].
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ABSENCE OF BIOLOGICALLY RELATED RAMAN LINES

IN CULTURES OF BACILLUS MEGATERIUM
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Cultures of Bacillus megaterium have been examined with laser-Raman spectroscopy in the 20-300 and 800- 1800 cm™!
ranges. No lines were detected in the 20-300 cm™! range, and evidence is presented that sporadic lines observed in the

other range can be ascribed to experimental artifacts.

The presence of time-varying lines in Raman spectra
of cultures of Bacillus megaterium and Escherichia
coli have been reported [1-3] in recent years. Webb
claimed [3] that these lines could be observed only if
the cultures were in an active metabolic state and had
been “synchronized™ with heat and cold shocks im-
mediately before the recording of Raman spectra.
Subsequently, several theoretical reports were pub-

" lished providing possible explanations (4—6] for the
reported lines. These reports suggested either a relation
between phonon condensation and cell cycle [4]. or
the presence of soliton vibrations in biomolecules 6],
or just an empirical relationship among the reported
lines [S). However, a recent report [7] has questioned
their presence due to the low concentration and very
low Raman scattering cross section of the biomole-
cules possibly involved in the inelastic scattering pro-
cess. Furthermore, in [7], experimental evidence was
provided that, in general, an inhomogeneous bacterial
culture might produce large fluctuations in Mie scat-
tering during the first minutes after resuspension, and
consequently altering the baseline of the recorded
spectrum. Webb’s reports, in particular, have been
used by Frohlich [8,9] and Webb himself [3] to sup-
port Frohlich's hypothesis (9—11] concerning the
possible presence of caherent excitations in biological
systems. The existence of these coherent oscillations
has been conjectured to result in frequency-dependent
biologicai effects induced by low-power millimeter-
wave exposure {9]; the presence of . or lack of, coher-

ent oscillations has been aiso related to the cancer prob-
lem [8,12].

We report Raman experiments with cuitures of B.
megaterium which were prepared according to the ex-
perimental procedure reported by Webb in ref. (3].
The Raman spectra were recorded under flowing and
nonflowing conditions either at room temperature
(21-23°C) or at a constant temperature of 35°C. It
is to be emphasized that in refs.[1—3] no mention is
made about any kind of temperature control and that
the spectra were recorded under nontlowing condiuons.

Briefly. the B. megaterium cells were grown for 48
hours in nutrient broth at 32°C. washed three times in
0.9 percent NaCl solution. counted. and resuspended
in saline at a concentration of 1 X 107 cell/ml. The
cells were then placed in a water bath at 39°C for 15
min followed immediately afterwards by an ice bath
for another 15 min. The suspension was then centri-
fuged and the cells resuspended at a concentration of
2% 10" mi=! in Davis Minimal Medium (DMM)
(K,HPO, 7 /2. KH,PO, 3 g/%, Na, citrate 0.5 /¢
FeSO,4 0.01 g/2. (NH,),S0, 1 8/2. MgSO, + 7H,0
0.1 ¢/&, glucose 2 g/Q) diluted 1:3 in double distilled
water at 35°C. All the suspending media were previ-
ously filtered through a 0.22 u Millipore® filter. For
each experimental session, a single bacterial suspension
of about 10 m] was used and kept in a water bath at
either 35°C or at room temperature. As a sample hold-
er. we used a NSG Precision cell T73-FL that allowed
us to circulate both the sample under investigation
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Fig. 1. Low-wavenumber Raman spectra of B. megaterium cell
suspension after a heat and coid shock treatment and resus-
pention in nutrient medium. (a) Spectrum taken under flow-
ing condition at 35°C. (b) Spectrum taken at room tempera-
ture under nonflowing conditions. The optical system em-
ployed a combination of a double monochromator plus a third
monochromator with a spectral bandwidth of 4 cm™! and with
1 s of integration time.

and temperature-controlled water in an outer jacket.
To establish sample flow, a peristaitic pump set at §
ml/min was used.

The Raman system consisted of a Spectra Physics
164/09 Argon-ion laser operating at 4880 A, a Spex
plasma line filter. and a Spex third monochromator
coupled to a Spex 1403 double monochromator. The
detection system was composed of an RCA C31034
cooled GaAs photomultiplier and a Princeton Applied
Research 1 109 photon counter. The whole system was
controlled by an LSI 11/23 minicomputer. The laser
power at the sample was about 150 mW. Typically.
spectra were recorded with a step size of 4 cm~1 and
an integration time of 1 s.

For a total of over 15 spectra, no lines were ever
detected in the 20~300 cm~! region at any time be-
tween 10 min and 2 h 30 min after resuspension in
DMM. at either room temperature or at 35°C and un-
der tlowing or nonflowing conditions. Typical spectra
are presented n fig. 1. Forover 50 spectra in the 800—
1800 cm~! range. range. we frequently observed
random lines under flowing conditions from B. mega-
terium at 35°C or at room temperature and also from
the suspension medium (DMM) alone. fig. 2. Only
rarely d1d we observe small random lines from non-
flowing preparations. Typical spectra under nonifow-
ing conditions are presented in fig. 3. Both ranges were
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Fig. 2. Apparent Raman lines shown under flowing conditions
in spectra of either (a) B. megaterium cells suspended in nutri-
ent medium (DMM 1:3) at 35°C after heat and cold shock, (b)
B. megaterium suspended in untrient medium after heat and
cold shock at room temperature, or (c) suspension medium,
Davis minimal medium 1:3. The optical system was the same
as for spectra of fig. 1. The broad peak around 1640 cm™! 15
due to the H-O bending mode of water, while the weak peak
at 980 cm™! can be ascribed to the presence of SO group
and K;HPO4 and KH,POg in the suspending medium.

SCATTERED INTENSITY

also examined in the anti-Stokes region and no lines
at all were ever detected, in contrast to a previous re-
port [3].

A possible explanation for these lines is the pres-
ence of either fluorescent particles or cell clumps pass-
ing randomly through the laser beam. As these random
lines can be reproduced even in the absence ot biolog-
ical systems of any kind. we thus conclude that the
observed Raman lines do not rise from active bacteral
cultures. It is suggested that experiments be performed
on simpler and more characterizable biological systems
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Fig. 3 Raman spectra taken under nonflowing condition. (a)
B megatennum cedl suspension. (b) Davis munimal medium.
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J.::‘::‘ such as selected antibody—antigene complexes and
; , enzymatic reactions. With these systems. in fact, it
':s';.: would be possible to use greater concentrations and
pod consequently to have a larger total scattering signal.
v Furthermore, the lines could be attributable, at Jeast
NG in principle, to specific biochemical species, thus ai-
- lowing a more rigorous test of any hypothesis regard-
| \_::. ing possible presence of coherent excitations in biolo-
eIl gical systems.
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A previous paper reporting the absence of biologically related lines in Raman spectra of Bacillus megaterium has been

criticized. A reply to these criticisms is presented.

In the past few years some investigators have claim-
ed the presence of lines in Raman spectra of metabo-
lizing cells while no lines could be detected in spectra
of resting cells [1-3]. Consequently other investiga-
tors have linked these alleged lines to internal vibra-
tions of Davydov solitons [4,5], to coherent oscilla-
tions as postulated by Frahlich [6] and to nonlinear-
optics phenomena {7 8]. In our paper [9] we present-
ed experimental data showing that no biologically
reiated lines were found in Raman spectra of Bacillus
megaterium suspensions under nonflowing conditions
in the 20—300 and 800—1800 cm~! regions and that
under flowing conditions artifacts could be responsible
for random lines appearing in the spectra of both cell
suspensions and medium alone. For these experiments
we closely followed the experimental protocol given
by Webb in ref. [3].

Del Giudice et al. [10] have raised several ques-
tions about both the correctness of the conclusions
and the validity of experimental data presented in our
previous paper [9] . In particular our conclusions have
been attributed more to an alleged “...preconceived
philosophy...” and to “...motive behind the two re-
cent reports...” rather than to a logical connection to
the experimental data. We find these allegations out
of place in a scientific forum, especially when these
are totally unsubstantiated. After a very careful re-
reading of our paper we have not been able to find
any suggestion of an alleged preconception. Further-
more Del Giudice et al. attributed to us a criticism
of the work of Webb [1-3] that was, instead, point-
ed out by Cooper and Amer [11]. Cooper and Amer

suggested that the Raman spectra of bacterial cells,
prepared according to Webb [3] were likely to be
featureless due to the relatively low cell concentra-
tions.

In the present reply we hope to offer some clarifi-
cations and leave the conclusions to peers. Some of
the questions asked in ref. [10] are, however, already
explicitly answered in our original paper {9] . In the
following, citations from our first paper [9] are in
quotes:

{a) We did not use a nonnutrient medium. The leg-
end of fig. 2 of ref. {9] contains a printing error: “un-
trient” instead of nutrient. We really wonder, how-
ever, how the word “untrient” can be read as non-
nutrient.

(b) The experimental conditions of 35°C and room
temperature, were used because the latter is the one
used by Webb in ref. [3] and the former is an op-
timal growth temperature for B. megaterium.

(c) In addition to several experiments under non-
flowing conditions, we used also a flow-through sys-
tem, since this was also the recommendation of Drissier
[12] to avoid excessive laser heating of the cells. We
pointed out in our paper {9] that in the experiments
reported by Webb [1-3] *...the spectra were record-
¢d under nonflowing conditions”.

(d) Del Giudice et al. [10] ask for clarification re-
garding the time elapsed between resuspension and
recording of the spectra. In ref. [9] we clearly speci-
fied that “..no lines were ever detected in the 20—
300 cm-! region at any time between 10 min and
2 h 30 min after resuspension in DMM”.

376 0.375-9601/85/S 03.30 © Elsevier Science Publishers B.V.
{North-Holland Physics Publishing Division)
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(e) All the apparent random Raman lines could be
seen only in our spectra taken under flowing condi-
tions. Such lines were narrow enough to be within
one ot two frequency steps (i.e. with a width of 4-8
em~1) of the computer driven spectrometer. This is
compatible with the hypothesis that either air bubbles
or microscopic fluorescent contaminants may have
caused these, by randomly passing through the scat-
tering volume.

(f) Under nonflowing conditions, the spectrum
of the medium alone (Davis Minimal Medium 1 : 3
in H,0) was completely reproducible, as were the fea-
tureless spectra of B. megaterium suspensions taken
at any time after resuspension. It may be useful to
point out that ail the spectra of a single experimental
session were taken using either the same suspension
for an extended period of time (up to 45 min) or by
changing the suspension every 10 min with another
sample taken from a cuiture kept in a water bath at
the selected temperature.

Furthermore, we have found that Kinoshita et al.
[13] presented detailed calculations regarding pos-
sible artifacts that might have affected the intensity
ratio of Stokes and anti-Stokes lines in Raman spec-
tra of Chiorella pyrencidosa [14,15]. These possible
artifacts include the 1/A4 dependence of the scatter-
ed light intensity, effective detection efficiency, reso-
nance effect, laser-induced temperature increase and
attenuation within the sample. These findings, along
with our experimental data, show that several experi-
mental artifacts can be introduced in the Raman spec-
troscopy of living cells and that to our knowledge
no independent positive replication of the data pre-

PHYSICS LETTERS

30 September 1985

sented in refs. [1—3,14,15] is available in the litera-
ture.

In conclusion we do not think that the alleged
presence of lines in Raman spectra of baterial cells
can be claimed to be “...non questionable...” [10]
or that such “...revelations...” [10] can be taken as
a scientific proof of coherent phenomena occurring
in living cells as suggested by Webb [3], Frohlich [6]
and Del Giudice et al. {78,10].
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APPENDIX D

Raman spectroscopy of liposomes exposed to millimeter waves

Luciano Furia, Om P. Gandhi, and Robert E. Benner
Department of Electrical Engineering, University of Utah, Sait Lake City, Utah 84112

Douglas W. Hill

Department of Cellular. Viral and Molecular Biology, University of Utah, Salt Lake City, Utah 84112
(Received 30 April 1986; accepted for publication 1 July 1986)

Several biological effects resuiting from exposure to millimeter waves have been reported. In an
attempt to determine if millimeter waves might affect the conformational state of membranes,
sonicated liposomes have been irradiated with millimeter waves at 41.650 GHz, stabilized in
frequency to + 50 Hz. Raman spectra from the lipid vesicles were then collected in the
conformational and in the C-H stretching region. No changes in either the Raman peak
locations or relative intensities were detected upon millimeter-wave irradiation, either below or
above the transition temperature of the phospholipid (41 °C).

Several investigators have suggested that millimeter
waves (mm waves) affect a variety of biological functions
including growth of bacterial cells,'? DNA and RNA syn-
thesis,’ etc.*? Unfortunately many of these reports lack es-
sential details of the experimental procedure, thereby severe-
ly limiting the possibility of reproducing the experiments.
An extensive review of the published literature is available.®
Many times when duplication has been attempted, negative
results have been reported. In particular, no effects were re-
ported on cell morphology’ and protein synthesis® in mam-
malian cells, BHK-21. and the growth rate of £. coli ® and
yeast'” was not altered by exposure to mm waves. In 1968,
with the appearance of the first experimental reports. Froh-
lich proposed that mm waves may affect living systems by
inducing coherent excitations in some parts of cells like
DNA. cell membranes. and enzyme-substrate complex-

2991 . Appl Phys 60(8), 15 October 1986
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es.*!! Even though no specifics were given, two of the more
interesting features of his model are its frequency depen-
dence and an energy threshold for the onset of the effect.
This interesting hypothesis, however, has not led to a predic-
tion of specific frequencies or sites(s) of action for it. Never-
theless, based on the typical membrane thickness ( 100 A)
and on the speed of sound, Frohlich has suggested that oscil-
lations in the 10'°-10'' Hz range may be excited in cell mem-
branes.*

Cytoplasmic membranes are an essential part of living
cells. In addition to acting as the boundary between the in-
ternal and the external cell environment, membranes also
perform essentiai functions such as selective ion pumping
and cell recognition.'* As depicted by the fluid mosaic mod-
el.'’ membranes are composed of liptds and proteins orga-
nized in a bilaver, 70-100 A thick. Most of the functionai

¢ '986 American Institute of Physics 2991

A Aa. e oo aa- oo |

|

o R S e B N T L R R oo bt



fTE R TWE W TRETWTW

ket and ofd uhk Ahh S Mlen Sea abe &0 e A& - 2o

properties of membranes arise from glycoproteins anchored
to the bilayer iself. '

To study systematically the problem of idenufving the
specific sitet s of possible interaction of mm waves, we used
Raman spectroscopy to determine if mm waves can induce
conformational changes in sonicated vesicles exposed to
4] 630 GHz. a1 rrequency at which relanvely large effects
have been reported in the past on the growth rate of veast.”

Phospholipids are charactenzed by a temperature T.
that marks the phase transition between gel (T'<T,) and
liquid-crystalline phase (7> T.).'* In natural and artificial
membranes (like liposomes), this transition temperature
and the meiting curve are known to be affected by several
factors. including lipid moiety'® and presence of proteins.'’

Dipalmitoyl-phosphatidylcholine (DPPC) crystals
{purity 99% - ) were obtained from Sigma and used with-
out further purification. For a typical experiment 0.8 mg of
DPPC was mixed in | ml of buffer (Tris 10 mM, KC10.1 M,

p2H 7.2) and sonicated for 30 min, with the tube containing
the suspension kept in an ice bath. The liposome suspension
was used after filtration through an 0.8 um Millipore® filter.
The predicted thickness of the liposomes is 70 A.'? and the
average diameter is about 300 A.'8

Raman spectroscopy has been widely used in the past to
determine the melting curves of phospholipids.'® and the
conformational changes induced in liposomes by various
chemical and physical agents such as sonication,*? cholester-
ol,”! and proteins.'” For the present study we used Raman
spectroscopy to gather information on possible effects of mm
waves on the conformation of phospholipids in liposomes
above and below T..

The laser source was a Spectra Physics 164/09 argon-
ion laser operating at 514.5 nm. A plasma line filter (Spex)
was found to be essential to eliminate nonlasing plasma lines
that would otherwise become apparent in the Raman spectra
anising from the high scattering efficiency of the suspension.
The power at the sample location was 400 mW Spectra were
collected with a Spex 1403 double monochromator coupled
to a Spex third monochromator. The slit width was set at 400
w«m. with a spectral bandwidth of 4 cm ~'. Spectra were coi-
lected at discrete wave numbers with an accumulation time
of 5's and a wave-number step size of 3 cm ~'. The Raman
scattered light intensity was measured with an RCA C31034
cooled GaAs photomultiplier connected to a photon

?_ counter, Princeton Applied Research 1109. A custom-made
'- microprocessor-based controiler was used to control the
N scanning limits, integration time, and step size of the triple
* monochromator assembly.
t ]
' aser: light
~ N\
= A L 4
v\ L \i
I ——
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4 . \\ mm-wave

" a radiation

N Scattered ligm]
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The liposome suspension was placed in a borosilicate
capillary. 0.2 mm 1.d.. that was then placed in a larger capil-
lary. 0.05 mm 1.d.. in which temperature controlled water
was circulated. The double capillary assembly was inserted.
at a 45° angle. 1n 2 WR-19 waveguide. A duagram of the
waseguides captifary assembiy ts shownn Frz. 1. A thermo-
couple was placed inside the larger capillary 10 monutor the
temperature of the water jacket. The maximum temperature
increase caused by the {aser exposure in the wacer jacket was
about 2.5 °C.

The mm-wave source was a klystron, Vanan 302-BT.
The irradiation frequency was measured and phase-locked
with an EIP 578 source-locking frequency counter, with a
resulting short term stability (1 h) of = 50 Hz and mea-
sured with up to 11 significant digits. The irradiation fre-
quency was 41.650 GHz and was chosen on the basis of being
a frequency at which a relatnvely large etfect was reported
previously on the growth rate of veast.” The cw power 1 the
waveguide was 30 = 0.5 mW The temperature increase of
the water jacket induced by the mm-wave irradiation did not
exceed 0.2 °C.

The power deposition pattern of the liposome suspen-
sion in the capillary was estimated numencally.” The calcu-
lations indicated that 11% of the incident power was ab-
sorbed tn the sample. with a resulting average specific
absorption rate of about 6000 W /kg. The power absorbed by
the whoie double capillary assembly was 80%%. This was n
fair agreement with experimental data.

Raman spectra were collected near the conformational
frequency shift region, 700~1700 cm ™', and C-H stretching
region, 2800-3500cm ~'. To study the possible effects of mm
waves on liposomes both in the gel and in the liquid-crystal-
line phase, spectra were taken at 25 and 45 °C. i.¢.. beiow and
above T, 41 °C, of DPPC.
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Spectra collection was started within | h after sonica-
uon. The fluorescence backgrountd was partiaily quenched
by exposing the sample to the laser beam for 30 min before
starting the collection of spectra. Spectra at 25 °C were taken
first without mm waves, and then with mm-wave irradia-
uon. Millimeter-wave irradiation was interrupted before
bringing the suspension to 45 °C.

The spectra taken with and without irradiation are
shown in Figs. 2(a)-2(d) for the conformational region,
and in Figs. 3(a)-3(d) for the C-H stretching region. The
spectra were not smoothed. In agreement with previous re-
ports,? the temperature-induced spectral changes are ap-
parent from the changes in intensity of the lines of the skel-
etal optical modes at 1064 and 1128 cm ™' and in the CH,
stretching modes at 2882 and 2845 cm ~'. On the other hand,
no differences were apparent in either region, or at either
temperature, berween control and mm-wave irradiated sam-
ples.

Cell membranes have been suggested in the Frohlich
model as one of the possible sites(s) of interaction of mm
waves with living systems.* Liposomes were used in the pres-
ent study to provide a first step in identifying the possible
site(s) of interaction of mm-wave irradiation using a rela-
tively simple and well-characterized model of cell mem-
branes. Raman spectroscopy was used not only for its capa-
bility in detecting conformational changes in phospholipids,
but also because it allowed this determination to be per-
formed simultaneously to the mm-wave irradiation. As Figs.
2 and 3 show, there was no evidence of effects induced by the
mm-wave irradiation. This experiment, while it cannot con-
firm Fréhlich hypothesis, cannot prove it wrong either.

Even though liposomes, as prepared for the present
study, cannot mimic the functional complexity of actual cell
membranes. they offer the advantage of allowing accurate

RAMAN INTENSITY (1000 cts/S sec)
@
o

o
o
—

1 ) - - L 1 1
2900 3100 3300 1 3500
FREQUENCY SHIFT (cm™ ')

FIG } Raman spectra of DPPC sonicated vesicles in the C-H stretching
region with and without mm waves. 2, 25 'C nonirradiated: (b) 25 'Cirra-
Jiated. ¢ 45 'C nomirradiated: < d) 45 *Cirradiated. The intensity scale 1s
relative to spectrum a1 The other spectra have heen plotted with the fol-
wowing offset by 0000 countss S 5. ¢ A OO0 countss S s d) M) 000
countss $'s.
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identification of the system being irradiated. For future ex-
periments, however, liposomes could be prepared by incor-
porating integral proteins that, among other functions, will
simulate the presence of ion pores,™ a structure essential to
membrane function. The incorporation of proteins, how-
ever, greatly alters the conformational state of phospholipids
in vesicles prepared with pure lipids, while the protein struc-
ture is not altered when incorporated in a lipid bilayer.'”

Furthermore, experiments at a lower frequency, 2.45
GHz, have indicated that microwaves increase the perme-
ability of erythrocytes around 7T,, but not at temperature
different from T..>* Raman spectroscopy could be used to
determine if such changes in permeability can be ascribed to
conformational changes in the lipid bilayer, when exposed
either to 2.45 GHz or to mm-wave radiation.

Many effects have been ascribed to exposure to mm
waves. Some investigators have even suggested the use of
mm waves as a possible diagnostic and therapeutic tool for
cancer.® The present study did not show any effect on the
conformational state of model membranes exposed at 41.650
GHz, cither below or above T,.. While this study cannot
exclude the possibility that some biological functions might
be affected in nonthermal ways be millimeter-wave irradia-
tion, it adds to a growing list of reports showing the absence
of statistically significant effect when a variety of living or-
ganisms are exposed to millimeter-wave irradiation.®>'°
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APPENDIX E

MEASUREMENT OF COMPLEX PERMITTIVITIES OF BIOLOGICAL
MATERIALS IN THE FREQUENCY BAND 26.5 - 60 GHZ®»T

Deepak K. Ghodgaonkar, Om P. Gandhi, and Magdy F. Iskander
Department of Electrical Engineering
University of Utah
Salt Lake City, Utah 84112

ABSTRACT

Dielectric properties of biological materials have been measured in
the frequency range of 26.5 to 60 GHz using a modified infinite sample
method. In this method, impedance transformers are used to reduce the
reflectivity of the infinite sample of biological material. The complex
reflection coefficients were measured by an automated measurement systen
using three-probe reflectometer algorithm. An uncertainty analysis is
performed to get an estimate of the errors in the measured complex
permittivities. The experimental results -and the Debye relaxation
parameters are reported for ten percent NaCf solution, human bdlood,
aqueous solution of bovine serum albumin and cell suspensions of

saccaromyces cerevisiae.

*This work was supported hy the USAF School of Aerospace Medicine,
Brooks Air Force Base, Texas, under Contract F 33615-84-K-0631,

Preprint of article submitted to IEEE Transactions on Microwave
Theory and Techniques.
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INTRODUCTION

Knowledge of the dielectric properties of biological substances is
necessary for determining absorption of electromagnetic energy in
biological bodies and for understanding biophysical mechanism of
interaction with electromagnetic fields. Several {nvegtigators have
reported sharp distinct resonances in the absorption of millimeter waves
by various bhiologtcal preparations [l=-3]. Information on dielectric
properties is useful to study these frequency-dependent effects and weak
nonthermal interactions of biological systems with millimeter-wave
radiacion.

Previously, the dielectric properties of biological materials have
been measured below 24 GHz by several investigators [4~6]. But, in the
millimeter-wave range, the dielectric data have been sparse or
nonexistent because of (1) 1limitations of conventional microwave
techniques regarding small sample size associated with high attenuation,
(2) requirements of precision measurement facilities and sophisticated
instrumentation and (3) difficulties In eliminating experimental

artifacts (e.g., air bdubhles and nonuniform packing densities in cell

suspensions, etc.). The dielectric properties of water have been

measured at 34.86 and 70 GHz by Grant [7) and Szwarnowski and Sheppard

l;'}
W
R

18], respectively. Also, Edrich and Hardy {9] have measured complex

HERTRS of 4
. ©
- »
. ;_-‘-<\_-_

permittivities of muscle and fat tissues at frequencies from 40 to 90

{ b
* .

GHz. For investigations of frequency-dependent absorption, the
nillimeter-wave absorption spectra of different biological substance,

(e.g., DNA, RNA, etc.) have been measured by Gandhi, et al. [10].
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Because of the ubiquitous presence of water in biological materials
and its high attenuation (15-30 dB/mm) at wmillimeter wavelengths, a
layer of less than 0.3 mm of biological substance absorbs 80 to 90
percent of the radiation. So, the Roberts and Von Hippel's shorted-line
technique [11] and the microwave bridge technique ({12] would require
submillimeter sample lengths and complicated sample holders. Therefore,
for accurate broadband measurements, it 1s undesirable to use these
conventional microwave technigues. A review of other wmicrowave
measurement techniques for dielectric measurements of ©biological
materials 1Is given in [13, 14]. Attempts have been made to extend
quasi-optical techniques towards the millimeter-wave region. At
wavelengths above 5 mm, the quasi-optical technique (namely; dispersive
Fourier transform spectroscopy) cannot be used because of weak radiative
power from the mercury vapour lamp [15]. The other quasi-optical
techniques (e.g., Mach-Zehnder spectrometer) are also not particularly
suitable for biolosical samples at millimeter wavelengths.

The infinite sample method (sample thickness > 3-4 skin depths) has
been used to measure the dielectric properties of low dielectric
censtant and high loss materials {16, 22]. This method obviates the

need for complicated sample holders and submillimeter sample thicknesses

because of the use of longer sample lengths. But, for high dielectric

35

constant and high loss biological materials, this method 1is very

X

inaccurate because of the need to measure high voltage standing wave

=
AN

LR 4

LR

ratios (VSWR) and small phase shifts (relative to short circuit). In

v

LS

x

the modified infinite sample (M1S) method, a quarter wavelength (or odd-

multiples of quarter wavelengths) impedance transformer 1is used to
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reduce the reflectivity of the infinite sample of biological material.
with suitable choice of impedance transformers, this method gives
accurate dielectric measurements for biological materials.

This paper describes MIS method for dielectric measurements of
biological materials. For measurement of complex reflection
coefficients, automated measurement systems have been developed which
give reliable and reproducible data in the frequency range of 26.5 - 60
GHz. The three=-probe teflectomete; algorithm [20] has been used to
improve the accuracy of reflection coefficient measurementse.
Uncertainties in complex permittivities and errors in the measured
reflection coefficient have bheen discussed for the MIS method. Finally,
the complex permittivity measurements were performed for various
blological materials including 10 percent NaCf solution, human blood,
aqueous solution of bovine serum albumin (BSA) and cell suspensions of
saccaromyces cerevisiae. The complex permittivity data were analyzed

using single relaxation Debve dispersion and Cole~Cole model.

THEORETICAL BASIS

Figure 1 shows the schematic diagram of the sample holder for MIS

method. It is assumed that (1) only the dominant mode TE|p propagates

¥
E

through the filled sections of the rectangular waveguide, (2) the

-,
.

5 waveguide section containing the bdilological material is sufficiently
! long so that it can be considered as an infinite sample, (3) the
a biological material is homogeneous, and (4) the dielectric material for
E the impedance transformer is homogeneous and isotropic.

"

! The characteristic {mpedance ZCi normalized with respect to the
; characteristic impedance of the empty waveguide Z0 is given by [22]

L’
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- <x/xc>2]l/2

(1)
(¢, <x/xc)2]l/2

Zci = Zi/Zo =-

1 =1, 2

where 1 = | refers to the impedance transformer and { = 2 refers to the
biological material, si is the <complex permittivity of the ith
layer, ic = 2a 1s the cutoff wavelength of the empty waveguide and X is

the free-space wavelength.
The phase constant B1 is given by the relation

1/2

s, = 21/ [e, - (no?] T 11,2 (2)

The measured reflection coefficient ([ = ‘Tl eje] at z = (0 is

related to the normalized input impedance by the following relation

using transmission line eguations, the input impedance Z is given by
in

Z ., + 2z tan (8.2
2t %y (8,¢)
Zin ch Z,+32 , tan (B 1) (4)
cl c2 1
By rearranging various terms, we get
=
b_,".-
:
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From Eq. 1, the complex permittivity of biological material is given by

2 2
(A (- ana’)
52 (TE> + 3 (6)
z
c2

By substituting Eg. 1-5 in Eg. 6, one can obtain an explicit expression

for the complex permittivity ez of the biological material in terms of

'
1

length of the impedance transformer). It is assumed that the dielectric

T, € (dielectric constant of impedance transformer) and L (effective

materials for impedance transformers are low-loss materials (e.g.,

alumina). So, c1

is negligible compared with cl.

IMPEDANCE TRANSFORMERS AND SAMPLE BOLDERS

Figures 2 and 3 show the variation of |r| and 8 for the infinite
sample of water with and without alumina impedance transformers. Sowme

important observations can be made by inspecting Figs. 2 and 3. For a

) band of frequences close to fni,» the effects of introducing impedance
L] transformers are (1) the increased variation in [r[ and 9 and, (2) the

reduction in ,r[ from the values greater than 0.76 to less than 0.4.

ht Because of these reasons, for a given precision in cz of water, it is
g possible to allow higher measurement errors in |r| and 9 by using
: impedance transformers. This 1is shown in Table 1 for several
E frequencies by implementing a computer algorithm using Eq. 1 = 5. Since
i it is difficult to measure phase with an accuracy less than 0.5°,
>

:
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particularly at millimeter wavelengths, the introduction of a
transformer is advantageous.

Another advantage of using an impedance transformer is that it
obviates the need for precision measurements of high VSWRS. Errors
introduced 1in the measurements of high VSWRs are those due to the
absence of strict square law response, appreciable rise and fall time
for square wave source modulation and probe reflections due to excessive
probe penetration [17-19]. Because of the limitations of millimeter
wave 1instrumentation, many of these errors cannot be reduced
significantly.

The impedance transformers may be quarter wavelength (or odd-
multiples of aquarter wavelength) waveguide sections of suitable solid
material. 1In order to achieve the largest possible bandwidth (band of
frequencies where [F[ < 0.4), it is necessary to use a éransformer of
length one-~quarter or three~quarter wavelength. For higher odd-
multiples of <quarter wavelengths there will bde rapid variation
of ‘T! and 8§ which limits the useful bandwidth. It 1is required to
select a material with dielectric constant between six and ten because

of 1impedance-matching considerations. Alumina 1is chosen as the

{mpedance transformer wmaterial Dbecause of its low=loss, good

v
L
.
)

machinability and appropriate dielectric constant (er = 9,25 ). In

> w ww
s

)

Y,

order to cover the frequency range of 26.5 - 60 GHz, three alumina

.
r

transformers of lengths 0.069, 0.163 end 0,126 cm were fabricated for

SRR} Y3

frequency ranges 28-=-33 GHz, 42-45 GHz and 52-57 GHz, respectively. It

X
»

SA

should be noted that one-quarter wavelength transformer 1s used for 28-

R
>

33 GHz frequency range, while three-quarter wavelength transformers are
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used for 42-45 GHz and >Z-37 GHz frequency ranges. Because of
difficulties 1in fabrication of transformer thicknesses less than 0.05
cm, the three-quarter wavelength transformers were used for higher
frequency ranges.

The complete sample holder consists of the impedance transformer
and a section of the waveguide containing the biological sample. A
plastic (Mylar™, 0.001" thick) window is used at z = L interface (Fig.
1), so as to prevent the flow of biological sampi; into impedance
transformer and slotted line. The dielectric discontinuity due to
plastic window and discontinuities due to possible slight misalignment
of flanges at the interfaces z = £ and z = 0 (Fig. 1) were taken into
account by a small change (< 2 percent) in the length of impedance
transformer. This 41s Jjustified since small discontinuities can be
modeled as susceptances which lengthen or shorten the transmission
lines. The effective length of the impedance transformer is measured by
using standard materials (e.g., water, saline, etc.) as the calibrating

media.

THREE~-PROBE REFLECTOMETER

In order to make precision measurement of |r| and 9 using an
automated measurement system, the three-probe reflectometer formulation
described by Caldecott [20] has been implemented. It uses standing wave
(SW) voltage wmeasurements for three equally spaced positions of the
slotted line probe. It is assumed that the slotted line detector is in
the square law region and the frequency is known accurately. Let V be

the 1incident voltage and Vn is the SW voltage at the nth probe
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position. Then

V =V [1 + |r| JC8 - e“)] (7)

"
o= v |2av? [1 + [r[* + 2|r| eos (8 - en)] (8)
where Bn is the phase shift cocrresponding to the distance to the load
and back. There are three unknowns ([rl, ® and Vz) in Eq. 8. They are
calculated from the three measured values of Pn‘ The complete
formulation is given in [20]. The spacing between the neighboring probe
positions 1s close to one-eighth of a guide wavelength (Ag/8) for
maximum accuracy in ]r] and 8. The |r| in this algorithm is inversely )
proportional to VZ, while 6 is independent of Vz. So the errors in the
calculated values of v2 cause inaccuracies in ,F,. For high reflection
coefficient loads (e.g., short circuit, infinite sample of water, etc.)
the errors in the calculated values of V2 due to errors in the measured
SW voltages are large. Hence, high values of |r| cannot be measured
accurately by this algorithm. Since reflection coefficient measurements

for MIS method {nvolve IPI < 0.5, this limitation is not important for

our measurements.

MEASUREMENT SYSTEM

Two computer—controlled measurement systems covering the frequency
ranges 26.5 - 40 GHz and 40 - 60 GHz have been developed for measurement

of complex reflection coefficient. The measurement system (40 - 60 GHz)
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is schematically illustrated in Fig. 4. The IMPATT oscillators have an
amplitude and frequency accuracy of + 0.06 dB and £ 3 MHz [10]. The
ferrite wodulator provides | KHz square wave modulation of the
nillimeter wave signal. The travelling probe of the slotted line was
moved in steps of 0.3 mm by the computer-controlled stepping motor, so
as to take 40 SW voltage readings of the standing wave pattern. Because
of computer control of the stepping motor, an accuracy of %+ 0.0l mm is
realized for all probe positions. At each location of the probe, the SW
voltage was measured by a tunable diode detector (sensitivity = - 60
dBm) via SWR meter, A/D converter and HP-B86B computer. The SWR meter
was used as a high gain amplifier for the detected 1 KHz signal. The SW
voltages are averaged over ten or more repetitive measurements
(depending on the variance). Because of averaging, the precision of SW
voltages is better than 2 0.05 dB.

The three-probe reflectometer algorithm [20] (which 1{s {implemenced
on HP-86B computer) is used to calculate more than 20 sets (depending on
frequency) of 'Tl and 6, The accuracy of the complex reflection
coefficient (T - [r' ejem) is improved by averaging the various values
of |r| and Om. At each frequency, it is necessary to ensure that the
diode detector is in the square law region because of the changes in
power output of the source and the detector response with frequency.
This 1is done by adjusting the power level using the sttenuator. The
absolute ophase & (degrees) 1s obhtained from the measured phase em
(degreesg) hy estimating the length £ between the starting probe position
and the load. The following relationship 1s obtained from the

transmission line theorv.
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8 = Om + 720 &/Ag (9

The length L {s calculated from short circuit phase measurement by using
Eq. 9 for 8 = 180°., An accuracy of the order of 0.0016 Ag is realized
for length & by frequency averaging of the length data and repetitive
short circuit measurements. The measurements were not made 1in the
frequency ranges 35 - 40 GHz and 46 - 50 GHz because of very low probe
output from the slotted line and amplitude instability of the IMPATT
oscillator. There were a few frequency ranges such as 33.5 - 34.5 GHz
and 57.5 = 60 GHz where the measurements were not made because of

frequency instability and low power output of the source.

UNCERTAINTY ANALYSIS

The total wuncertainty in measurement of complex permittivity

e, = € - je;] using the MIS method mainly depends on (1) errors in

measured l?f and 9, and (2) the errors in the wmeasured dielectric
constant and length of the impedance transformer.

The total uncertainties Acé and Ac; are defined as [21)]

b:' lfécé 2 éei 2 6:5 2 6:5 2/1/2
e sey =l\aTT olTl) 7 2e) ¢ <6‘i sey) * ('6'9._ “)
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where Aci and 41 are the errors {n the dielectric constant and the
effective length 2 of the impedance transformer. A|T| and A8 are the
errors in the wmagnitude and phase of the reflection coefficient. The
partial derivatives appearing in Eq. 10 and 11 cannot be evaluated
analytically for the MIS method. So, a computer algorithm using Eq. 1 -
6 was used to calculate Até and Ac;.

The primary sources of errors in |r] and 9 are the measurement
errors in SW voltages and inaccuracies in the position of the slotted
line probe. The other likely sources of errors are the reflections from
the probe, amplitude and frequency drift of the IMPATT oscillators,
square law response errors, appreciable rise and fall time of the square
wave source modulation, etc. Based on our measurements with short
circuit and standard materials (e.g., water), it is estimated that the
errors in ]rl and 9 are less than ¢+ 1.5 opercent and ¢+ 1°,
respectively. Table 2 shows the uncertainties of cé and e; for ¢ 1.5

percent and £ 1° errors in |Y| and @, respectively.

The dielectric constant of the impedance transformer material

(Alumina) was measured at several frequencies (30 - 60 GHz) using the

f-l
E shorted line technique described by Roberts and Von Hippel [l1]. The
Ii: measured data give ei = 9,25 & 0.05. This value is in fair agreement
o
.
f:- with those in the literature [23, 15] considering the differences in
-
:i manufacturers, types of alumina and frequency ranges.
&% The effective lengths of impedance transformers are estimated by
LS A
s
-4
:; using water having a conductivity of 200 uS/m (0 = 2 x 10  S/m) as a
W
[
¥ standard material. Debye parameters for water at 23°C are assumed as
Ky € = 78,5, € = 4.3 and t = 8.58 ps (7], where € , € and T are the low
S s = s =
\
pY
3
i
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frequency permitrivity, high frequency permittivity and relaxation time,
respectively. The physical lengths % are varied (within %z 2 percent),
so as to obtain minimum root-mean-square error (RMSE). The RMSE {s

defined as
2) - ¢ (fi)’2 172 (12)

where tz (fi’ l) is the measured complex permittivity calculated using

|r|, 8, fi’ ei » and L. £, is the ith measurement frequency. eg(fi) is

the coamplex permittivity calculated using single relaxation Debye

dispersion model, "N is the number of measurement frequencies. The
d

cz(fi) is defined as
& () ~cat Ty~ TEe (13
1 io
. ¢ \
where Eo is the free space permittivity. Figure 5 shows 52 Kfi'lmin)
and sgffi) for various frequencies, where zmin is the estimated

effective length corresponding to minimum RMSE. The calculated RMSE of
0.78 for water gives an estimated accuracy of % 2 um for the effective

lengths of impedance transformers. Table 3 shows the physical lengths

and estimated effective lengths (lmin) for impedance transformers.
Table 4 shows the uncertainties in ei and e; because of 2 0,54

percent and = 2 um errors in the dielectric constant and the effective

lengths of impedance transformers. The total uncertainties in :é

and e; calculated using Eq. 10 and l1 and Table 2 and 4 are less than %

9.5 percent and t 4.5 percent for the frequency range of 26.5 to 60
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GHz. In general, the errors in the real and imaginary part of complex

permittivities are less than these estimated uncertainties.

EXPERIMENTAL RESULTS AND DISCUSSION

In the absence of any freaquency-dependent resonant effects, the
dielectric properties of biological materials are characterized by a
single relaxation Debye dispersion or the Cole-Cole equation becasuse of
the relaxation of water molecules. At wmillimeter wavelengths, the
contributions due to other known relaxations (e.g., relaxation of the
bound water, protein molecules, etc.) are negligible. The Cole-Cole
equation is given by

e - €

e, = ¢+ 2 - i (14)
“ . (ijft)“-q’) waeo

while the single relaxation Debye dispersion 1is given by Eg. 13. The
Cole-Cole parameter a indicates a spread of relaxation time centered
about T. The complex permittivity data are fitted to Cole-Cole
equation and single relaxation Debye dispersion by the complex least-
gquare formulation similar to the one described by Sheppard, et al.
[24]. For all bhiological material used in our research, it is found
that the RMSE is not significantly different for single Debye relaxation
model (a = 0) and Cole~Cole model. So, the single relaxation Debye
dispersion model 1is adequate for the analysis of our complex
permittivity data. All the measurements were made at the room
temperature. But, the maximum change in temperature (from the wmean

temperature) during the experiments was limited to ¢ 1°C.
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Figures 6-10 represent experimentally-measured and calculated (from
Debye dispersion) complex permittivities forAIO percent NaCi solution,
human blood, aqueous solution of BSA and cell suspensions of
saccaromyces cerevisiae for two different concentrations. Table 5 shows
the Debve parameters along with their standard deviations, mean
temperatures and RMSE for various biological materials. For 10
ﬁercent‘NaCl solution, the ionic conductivity is calculated from Egq. 12
of [25]. The ionic conductivity for whole human blood is taken a&s 1.2
S/m from Cook's results [6]. It is assumed that these static values of
conductivity are valid at high frequencies becsuse of the negligible
variation of conductivity with frequency for concentrated electrolytic
solutions [4]. For all ocher Ddiological wmaterials, the 1ionic
conductivity is taken as zero because the measured static conductivities
(using conductivity meter) were less than 1 mS/m.

Figure 6 shows the measured and calculated complex permittivities
for 10 percent NaCl solution. Stogryn [25] has given equations for
calculations of Debye parameters wusing previously-published data.
The €_ value has been assumed to be 4.9, For 10 percent NaC2 golution
at 23°C cs. o and T calculated from Stogryn's equations are 52.2, 13.4
S/m and 7.5 ps, respectively.

Considering the differences in the €_ value used by Stogryn and the
value estimated from our data (See Table 5), the agreement in t‘ and <t
is re;sonable.

The measured complex permittivities of whole human blood are given
in Fig. 7 along with the microwave frequency data obtained from Cook

[6]. The Cook's data at 23°C were obtained by linear interpolation of
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the data at !5, 25, and 35°C. The single relaxation Debye dispersion
equation was fitted to our millimeter-wave data and Cook's microwave
frequency data. These Debye parameters are given in Table 5. From [6],

the Debye parameters for human blood at 25°C are
Es = 58.0, €™ 4.5, 1= 9.0 ps and ¢ = 1.2 S/m.

Allowing for lower temperatures and possible differences in blood
samples regarding cell concentration, these Debye parameters compare
favorably with those given in Table 5. The blood sample was taken from
a healthy male and the red blood cell concentration was between 4.8 to
5.0 x IO6 per mm3. 2.0 mg of heparin wvas added to the 10 mi sample $so
as to prevent coagulation. In addition to stirring the sample, the
blood in the sample holder was replaced by the fresh blood (from the
blood sample) aquite frequently during the experiment. This reduces the
effect of nonuniform cell packing density and heterogeneitv. The same

care was taken while using saccaromvces cerevisiae cell suspensions.

"7

v v Ny
At

Figure 8 shows the measured and calculated complex permittivities
for BSA solution. The solution was prepared at a concentration of 200
mg/mi (20 percent) by dissolving BSA in deionized water. The BSA used
was supplied by CALBIOCHEM. The pH of the solution is measured to be

€.9. At microwave frequencies, the dielectric properties of 7 percent

Ly

T IEN Sl

[N

BSA solution have been reported by Buchanan, et al. {5]. But, no

-
EE

published data are available for 20 percent BSA solution at microwave

\'f

=

and millimeter-wave frequencies. Because the protein content of many

4 |

[y

biological tissues is close to 20 percent, it is of interest to know the
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dielectric behavior of 20 percent BSA solution. The Debye parameters
obtained from the measured complex permittivities are given in Table 5.
The protein solutions at millimeter wave frequencies behave as a
nonpolar solute (hydrated protein molecule) in a polar solvent
(water). So, it is possible to calculate volume fraction (Vp) of the
hvdrated protein molecule by using an appropriate mixture eaquation. In
the literature the Maxwell-Fricke wmixture equation has been emploved )
aquite frequently for such purposes [26, 27]. So, we have used this
mixture equation for calculating the volume fraction of the hydrated

protein molecule. The Maxwell-Fricke equation is given by

(15)

where em, Ew and ep are the relative permittivities of the mixture,
water and hydrated protein molecule, respectively. This equation {is
strictly wvalid for suspensions of spherical particles. For non-
spherical particles the factor 2 is replaced by a function of the shape
of the particle: In case of BSA, the shape of the molecule is a prolate
ellipsoid with an axial ratio of 3 (30]. The change in factor of 2 is
small for BSA molecule because of the small variation of this factor for
prolate ellipsoids of axial ratio. less than 5 {31]. From Table 5,
e 1s 58.5 while the cp {s assumed to be S5 [26]. €, s taken as 78.56
from {7]). So, Vp = 0,206. The bound water can be calculated from V_ by

P
the following relation [28],

vp =Cc (V+6) (16)
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where C 1is the «concentration of protein solution in gms per 100 mi
and V is the partial specific volume which 1s 0.73 for BSA molecules
{30]. From Eq. 16 the bound water is calculated as 0.302 g/g of
proteih. This is in good agreement with the value of 0.3 obtained by
Buchanan, et al. and 0.42 obtained from Viscosity measurements [29].
Figures 9 and 10 give the measured and calculated complex
permittivities for 107 and 109 cells/ mi saccaromyces cerevisiae cell
suspensions. The cells used in this study were grown on sabouraud
glucose agar (NeopetoneR 10 g/2, glucose 40 g/f, Baeto agarR 15 g/%) and
stored at 4°C, From these cultures, organisms were inoculated in
sabouraud glucose broth (Neoper.roneR 10 g/%, glucose 20 g/&, ph 5.6),
incubated at 32°C on an orbital shaker (40 - 50 rpm) and centrifuged in
the table top centfifuge. No published data are available on the
dielectric properties of saccaromyces cerevisiae cells at microwave and
millimeter-wave frequencies. The volume fraction of the cellular
material and associated bound water can be calculated from Eq. IS for
107 and 109 cells/mi suspensions. The permittivity (ep) is assumed to
be 5.° This assumption is justified because of the nonpolar nature of

the cellular material and associated bound water at millimeter-wave

Wt
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e

frequencies. From Table 5, sm values for 107 and 109 cells/mf are 78.3

and 61.04. So, the volume fractions for 107 and 109 cells/mi samples

¥
s
)
0
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are calculated (from Eq. I5) as 0.003 and 0.178, respectively.
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method emplovs an impedance transformer to reduce the reflectivity of
the infinite sample of the biological material. Because of automated
measurement system, good accuracy and reproducibility were observed in
the measured complex reflection coefficient data. The experimental
artifacts (e.g., air bubbles, nonuniform packing density, etc.) were
minimized by the careful design of experimental procedures. From
uncertainty analysis, it is estimated that the maximum errors in real
and imaginary part of complex permittivities are less than 9.5 percent
and 4.5 percent, respectively.

The results for 10 percent NaCi solution and whole human blood were
compared with the previocusly published data. Good agreement was
observed regarding Debye relaxation parametets between our data and the
published data. The amount of bound water was calculated for the
aqueous solution of BSA. It compares favorably with the value reported
by other investigators. Finally, the dielectric measurements were
performed on 107 cells/m¢ and 102 cells/mt saccaromvces cerevisiae
suspensions. By using Maxwell-Fricke mixture equation, the volume
fractions were calculated for these two concentrations. The complex

permittivity data from all the biological samples can be explained on

=
',
.

e
»
<
.
-

the basis of Debye relaxation of the water molecule and no frequency-

dependent effects were observed.
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Table !. Maximum allowable errors in |r| and 9
for £ 10 percent precision in cowplex

permittivity of water.

With {mpedance Without impedance
transformers transformers
Frequency
‘ (GHz) ] H—H—L . 100' 48 degrees "‘rr . 100' 48 degrees
| — — e i
‘ 28 | 4.1 2.7 0.8 0.35
30 : 8.7 3.7 0.9 0.38
32 l 7.7 3.1 1.0 0.41
42 ! 4.5 2.9 1.0 0.35
44 6.0 2.0 1.1 0.37
52 | 3.4 3.8 1.4 0442
|
54 i 7.5 3.0 1.4 0.43
56 8.1 2.4 1.5 0.44
|
|
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Table 2. Uncertainties in €} and €, for £ 1.5 percent
and £ 1° errors in |TI and 8, respectively.

Aei Ael
Frequency rIu 100 = 100
(GHz) 2 2

28 2.4 2.1

30 2.6 1.6

32 2.4 1.5

42 2.8 1.9

|

44 3.9 1.9

\ 52 4.5 2.8

54 2.3 1.3

56 3.7 1.6
G
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Table 3. Physical and effective lengths
of impedance transformers.

Frequency
range of the
impedance Physical Effective
transformer length length
(GHz) (um) (um)
28 -~ 33 686 ¢ 13 700 £ 2
42 = 45 1635 ¢ 13 1659 £ 2
52 = 57 1262 ¢ 13 1270 ¢ 2
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Table 4. Uncertainties in €' and €. for t 0.54 percent
and t 2um errors ifl € ans 2, respectively.

1
Ae! A€
=%+ 100 —£ « 100
Frequency 2 2
(GHz)
] 28 2.5 1.2
{ 30 2.8 1.3
i
; 32 3.2 1.3
42 7.9 2.3
{ 44 8.6 2.6
J 52 6.5 2.3
54 6.9 2.5
56 7.3 2.7
~
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Table 5. Debye parameters of biological materials.

1
Temperature
Biological *C € T € o(S/m) | RMSE
Material ; s
10 percent
NaC2
* solution 23 55.9£0.9 7.1£0.13 4.35£0.25 13.4 | 0.64
|
|
;
Humln blood 23 58 ootl 06 9066*0.26 4.2&*002& 1.2 0.91
! RSA solution
t 200 mg/mR . 23 58.5%1.4 7.80+0.19 4.17£0.2 0.0 0.88
| [
‘ !
S.7cerevisiae )
10° cells/mi 24 78.3%2.0 9.030.3 4.00£0.3 0.0 1.10
S.gcerevisiae
107 cells/mi 24 61.0%1.7 9.06+0.29 4.90¢£0.3 0.0 0.79
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Fig. 3. Calculated variation of 8 with and without
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APPENDIX F

COMPLEX PERMITTIVITY OF THE HUMAN SKIN IN VIVO
AT MILLIMETER WAVELENGTHS®»®

Deepak K. Ghodgaonkar, Om P. Gandhi, and Magdy F. Iskander
Department of Electrical Engineering
University of Utah
Salt Lake City, Utah 84112

ABSTRACT

A computer=-controlled measurement system has been developed for
complex permittivity measurements of human skin in vivo at millimeter
wavelengths. An area of the human body is pressed against the waveguide
flange for measurement of complex reflection coefficient. A gquarter
wavelength impedance transformer is used to reduce the reflectivity of
the human skin. The complex permittivity of the human skin in vivo was
calculated from the measured complex reflection coefficient by using a
variational formulation in#olving multimode analysis. A single
relaxation Dehye dispersion is fitted to our millimeter-wave data and
the microwave frequency data reported by other investigators. The
complex permittivity values for human skin in vivo were much smaller
than those reported for excised human skin tissue used in the past. The
differznce in complex permittivity values between excised skin tissue

and skin tissue in vivo may be due to higher solid content of the skin

in vivo.

*This work was supported by the US Air Force School of Aerospace Medi-
cire, Brooks Air Force Base, Texas, under contract F 33615-84-K-0631.
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INTRODUCTION

With the increasing wuse of millimeter-wave radiation for
communications and radar, it is necessary to know the dielectric
properties of various human tissues for evaluation of potential hazards
to humans. At millimeter-wave frequencies, the absorption of
electromagnetic radiation is mostly restricted to the skin because of
the submillimeter depths of penetration [1]. So, the knowledge of
dielectric properties of human skin in vivo is of prime importance for
quantifying hazardous effects of electromagnetic waves in the
millimeter-wave rTange. Also, for the study of millimeter=-wave
thermography, it is vuseful to know the dielectric properties of live
human skin. In the past, the dielectric properties of excised human
skin tissue have been measured below 30 GHz by Cook [2], England {3,4]
and Schwan [5, 6]. Since the dielectric properties of bhiological
tissues above 100 MHz are determined by their water, salt and protein
concent (7], the use of dielectric properties of excised skin samples to
characterize live skin is justified only if there is no difference

between excised and live tissue materials regarding their water, salt

and protein content. Hence, the variation of blood content hetween live

and excised skin tissue can cause significant changes in the complex

". v a
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permittivities. Because of these reasons, it is desirable to measure

8

NI SSHAT T

skin dielectric properties under conditions in vivo.
Recently, Hey=-Shipton, et al. [8] have reported complex
permittivities of human skin in vivo over the frequency range of 8 to 18

GHz. But their complex permittivity values are inaccurate below 1l GHz
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tecause of reflections from the back of the skin at lower frequencies.
We have previously presented complex permittivity measurements of human
skin in vivo over the frequency range of 28 to 33 GHz [9]. In this
paper, we are reporting complex permittivity data for human skin in vivo
(palm region) between 28-57 GHz. The measurements were made on a newly-
developed computer—controlled measurement system which measures the
magnitude and phase of the reflection coefficient. The cowplex
permittivities of the skin are obtained from measured reflection
coefficients by using an algorithm which is an extension of multimode
analysis given by Galejs (10].

The Debye relaxation model is fitted in the least-square sense on
our millimeter-wave data and microwave frequency data from Hey-Shipton,
et al. [8]. The emissivity of the human body and the attenuation
coefficient of the human skin are calculated over the frequency range of
10 to 60 GHz using the complex permittivity values obtained from the
Debve relaxation model. The complex permittivity values of human skin
in vivo given by the Debye relaxation model fitted to our data and Hey-
Shipton's microwave data are considerably lower than those given by
Johnson and Guy (l1] and Cook [2]. For example, at 2.45 GHz the complex
permittivity value obtained from Johnson and Guy [ll] is (47 - j16.2)
for excised skin tissue while the complex permittivity value given by
our Debye relaxation model for human skin in vivo is (25.0 - 3§13.6).
The difference in the complex permittivity values between excised skin
tissue and human skin in vivo may be due to higher solid content
(proteins and lipids) (7], approximately 53.12 percent for skin tissue

in vivo compared to 36.56 percent for the excised skin tissue.
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MEASUREMENT SYSTEM

A solid-state, computer—controlled measurement system operating at
frequencies from 26.5 to 60 GHz has been developed for measurement of
magnitude and phase of the reflection coefficient. The measurement
svstem is schematically illustrated in Fig. 1. The key components of
the measurement system are the precision slotted 1line, the diode
detector for standing wave measurements, frequency counter and HP 86B
comput=r for overall automation. The traveling probe of the slotted
line is moved in steps of 0.3 mm by the computer-controlled stepping
motor. A large dial indicator calibrated in 0.0l mm increments gives
the position of the probe. At each location of the probe, the standing
wave voltage is measured by the diode detector (sensitivity = - 60 dRm)
via SWR wmeter, A/D converter and HP-86B computer. By averaging 10 or
more repetitive measurements of standing wave voltages, the extreme
variation was limized to % 0.05 dB. The standing wave voltages were
measured at 40 equally spaced positions of the slotted line probe. The
phase and the magnitude of the reflection coefficients are obtained by
implementing a three-probe reflectometer algorithm given by Caldecott
[12]. For a given setting, between 20 to 35 independent values of the
phase and magnitude of the reflection coefficient are obtained due to
different combinations of the standing wave voltages. The accurac§ of

the reflection coefficient measurements is improved by a factor of 5 - 6

upon averaging these reflection coefficient values. The abtsolute

phase ¢ (degrees) of the reflection coefficient is obtained from the

AR

measured phase @m {degrees) of the human skin and the estimated length
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i between the starting probe position and the load bv using cthe
following equation?t

¢ = ’m + 7208/2g (1)

The length £ is estimated from short «circuit phase measurements
while Ag, the guide wavelength is calculated from frecuency

measurementse.

SAMPLE BOLDER FOR IN VIVO MEASUREMENTS

Figure 2 gives an arrangement for measurements of the human skin
in vivo. An area of the human body is pressed against the waveguide
flange for measurement of reflection coefficient. A quarter wavelength
impedance transformer of Teflon™ is used to reduce the reflectivity of
the human skin. The palm region of the huran body is chosen for
measurements because the skin is thick in this area ( 3 mm) and has a

relacively smoothr surface.

CALCULATION OF COMPLEX PERMITTIVITIES

The flow chart for calculation of cooplex permittivities of human
skin in vivo from the measured complex reflection coefficient is given
in Fig. 3. The key parts of this flow chart are the calculation of
input admittante, admittance transformation for Teflon™ impedance
transformer and calculation of .new e* guess by zero finding technique.

It is assumed that human skin is nonmagnetic and its inhomogene-
ities are small compared with the wavelength of the electromagnetic

waves. In order to model live human skin as semi-infinite half space,
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it is necessarv to assume that skin is lossy enough that the reflections
from the back of the skin layer can be neglected. In practice, these
assumptions are reasonable above 11 GHz. The input admittance due to
human skin in vivo can be calculated by solving the radiation problem of
a rectangular waveguide with the semi-infinite flange terminated by a
semi-infinite half space of lossy dielectrics. We have implemented a
formulation given by Galeis [10] for stratified plasma for calculation
of input admittance. This formulation gives the input admittance of a
smaller waveguide radiating into a bigger waveguide containing the
biological material. For lossy dielectrics (e.g., human skin in vivo)
it has been found that the semi-~infinite half-space is simulated by the
bigger waveguide if the ratio of bigger to smaller waveguide is greater
than 30. The number of propagating and nonpropagating TE and TM modes
in bigger and smaller waveguides is increased until the convergence is
ohtained in input admittance values. It has been found that the
converged values of input admittance are obtained if all possible values

of m and n (for TEmn and TMm modes) are taken for 0 < m < 250

n
and C € n € 250.

The admittance transformation due to Teflon™ impedance transformer
is calculated using transmission line eaquations. The implementation of
zero finding technique involved prediction of a new guess for e* which
corresponds to a zero of error function s. The Muller Method with
Deflation {13] is used for calculation of zeros of error function s.

In order to test our formulation for calculation of input

admittance, we have compared our results for the case shown in Fig. 4 to

those ottained from the Waveguide Handhook [l4]. The input admittance
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(0.5 + 30.167) calculated using our program compares favorahly with the
input admitzance (0.5 + jO.17) given by the waveguide handbook.

A flow chart similar to Fig. 3 has been implemented by Decreton
and Gardiol [15] for nondestructive testing of dielectric materials.
From Fig. 4 of [(15], the calculated complex permittivity value is (7.2 -

j5.9) for the following case:

VSWR = 4,0, Phage Shift = =4° 1

Frequency = 10 GHz, WR = 90 waveguide

The schematic diagram for this case is similar to Fig. 2. In the
Decreton and Gardiol [15] method, however, no impedance transformer was
used.

For this case, our method gives the complex permittivity value of
(7.6 = 15.6). There is a close agreement between these two complex
permittivity values. So, it provides a good test case for the accuracy
of our in vivo computer algorithm. The standard materials (materials of
known dielectric properties) with complex permittivity in the range of
human skin in vivo are not available for frequency band 26.5 - 60 GHz.
So, the in vivo computer algorithm has not been tested by measuring

complex permittivities of standard materials.

EXPERIMENTAL RESULTS

In order to calculate complex permittivities using the flow chart

given in Fig. 3, it is necessarv to know the dielectric constant and the

length of the impedance transformers. At millimeter wavelengths, the
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dielectric consctant of Teflon™ has been found to be 2.05 with an
accuracy of =+ | percent [l6, 17]. The 1lengths of the impedance
transformers were measured with an estimated accuracy of ¢ 5 um from
electrical length measurements. The shorted line technique described by
Roberts and Von Hippel (18] was used for electrical length measurements.

Using the measurement system illustrated in Fig. !, the magnitude
and the phase of the reflection coefficients were measured for the
arran?ement shown in Fig. 2. The frequency ranges 28 -~ 33 GHz and 42 -
57 GHz are covered by using two quarter wavelength transformers. The
measurements were not performed in the frequency ranges 35 - 40 GHz and
46 = 50 GHz because of the low probe output from the slotted line and
power instability of the IMPATT oscillator, respectively. Based on our
measurements with standard materials (e.g., water) used for modified
infinite sample method {19], it is estimated that the errors in the
magnitude and the phase of the reflection coefficients are less than %
1.5 percent and + 1°, respectively. The uncertainties in the calculated
complex permittivities (E* = ¢' -je") are mainly due to: 1. The errors
in measured reflection coefficient (I = |F| eje), and 2. The errors in
the dielectric constant (et) and the 1length (&) of the impedance
transformer. The procedure for calculation of uncertainties in the
complex permittivities is similar to the one described in [19, 20]. The
maximum uncertainty in €' and €” of the human skin in vivo due to
measurement errors in lfl, a, Er and 2 is less than 14 percent and 6

percent, respectively. The choice of the palm region of the human hody

for complex permittivitv measurements minimizes errors due to improper

-, sKin contacst.
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Figure 5 shows the measured complex permittivity (¢ for real part
and * for imaginary part) of the first author's skin at millimeter
wavelengths. The microwave frequency data from Hey-Shipton, et al. [8]
are also included in Fig. 5. The complex permittivity data were fitted

to a single relaxation Debye dispersion; i.e.,

E - €
* s - ic

S j2 nftr 2 nf €,

(2)

where € and € are the low- and high~frequency 1limits of the
permittivity, T is the relaxation time, f is the frequency and ¢ is the
ionic conductivity. For human skin in vivo, o is assumed to be l.4 S/m
from Cook's [2] results for excised human skin tissue. The Debye

and 1) wvere found using the least=square

parameters (es, €

minimization given by Sheppard, et al. [21]. The solid line of Fig. 5
is calculated from Eq. 2 using the least-sauare fitted Debye parameters.

The important electrical parameters which determine the
interaction of electromagnetic radiation with human body, the
attenuation coefficient and the emissivity, are shown in Figs. 6 and 7,
respectively. Table 1 gives the Debye parameters for human skin in vivo
from our measurement data (including 8 - 18 GHz data from Hey-Shipton,

et al. [8]) and the Debye parameters for excised skin tissue from Cook

(2]. In Figs. 6 and 7, the dashed line represents the calculated
fc parameters from Debve dispersion for human skin in vivo while the solid
:t line represents the calculated parameters from the Debye dispersion for
axcised skin tissue. Figure 8 shows the complex permittivity values

ﬂc calculated for human skin in vivo and excised skin tissue from their
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Debve dispersions. The root-mean-square error (RMSE) for cthe

experimental data of Fig. 5 has been found to be 0.62. The RMSE is

defined by
Z x * 2 1/2
L) ,eei €a1
RMSE = kN (3
* *
where eei is the measured complex permittivity at ith frequency, edi is

the calculated complex permittivity <£from single relaxation Debye

dispersion at the ith frequency and N is the number of data points.

DISCUSSION AND CONCLUSIONS

From Fig. 8, it is observed that &' and &" values for human skin
in vivo are smaller than those obtained from excised human skin
tissue. These differences in permittivity values result in significant
changes in emissivity and attenuation coefficient at millimeter wave-
lengths. As shown in Fig. 6, the attenuation coefficients (a(dB/mm))
for human skin in vivo are lower than those obtained for the excised
skin tissue. So, the skin depth (= 8.686 /a) for live skin is higher

than that for the excised skin tissue. The emissivity (%) represents

A

g the percentage of power absorbed by the skin. From the results

i;g presented in Fig. 7, it is observed that the power coupling coefficient
’.

gsa‘ to the human body is somewhat higher than previously thought from Cook

F%; [2] and England [4] data for excised skin tissue,

;S% In Table 1, the Debye parameters for excised skin tissue given bv

$£é Cook [2] are compared with those obtained for human skin in vivo. It is

seen that the dielectric behavior of human skin in vivo as well as
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excised skin tissue is characterized by the relaxation of free water.
Beside the expected differences between excised and live tissues
regarding water, protein and salt content, it should be noted that the
results for excised skin tissue are at 37°C while the 1live tissue
results are at the ambient temperature (23°C). The difference in
temperature could account for differences in relaxation time between
live skin and excised skin tissue. The relaxation' time of the water in
iive skin (9.205 ps) is somewhat higher than the relaxation time of pure
water at 23°C (8.73 ps). This may be due to hydrogen bonding between
water molecules and active groups of other types of molecules [2].
Schwan (7] has previously observed that the 1low frequency
permittivity (es) is determined by the total solid content of the
tissue. Assuming dielectric decrement of | per gm solids in 100 c.c.

[7], p which denotes percent solid content (gms/100 c.c.) is given by
E. =€~ P (4)

where €w is the low frequency permittivity of water. From [22] € ow for
water at 23°C is 78.56. So, the €ow of 25.44 for human skin in vivo
corresponds to 53.l12 percent solid content while the &g of 42 for
excised skin tissue corresponds to 36.56 percent solid content. So, the
reduction in €, for human skin in vivo as compared with excised skin

tissue can be explained on the basis of solid content of the skin

tissue.
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Table 1. Debye parameters for human skin in vivo
and excised human skin tissue.

—
€ € ' 1(ps) a(S/m)

Human skin in vivo 25.44 £ 1.2 1.5 9,205 £ 0.6 1.4

Excised human skin
tissue from Cook [2] 42 4,0 6.9 1.4
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Fig. 2. Sample holder for in vivo measurements.
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Fig. 5. Measured and calculated complex permittivities
for human skin in vivo.
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Fig. 6. Attenuation coefficient for the human skin
in vivo (present results) and the excised
human skin tissue (from Cook [2]).

ORI BRI N :-:.‘.-:c:f:f:-:w::a;-w:«:mr‘



Emissivity (Z)

Y Y Wy W S W T T S W T e W Y

75

70 = '1“\10’,’/5
kD 7T
65 - pomsl 5= i}
60
55
50
45 + 4
40 — - L 1 | 1 1 | |
10 15 20 25 30 35 40 45 50 55 60
f (GHz)
Fig. 7. Emissivity (percent) for the human skin

in vivo (present results) and the

excised skin tissue.

A o o me



~ R et o | — Ml el L a0 0L . WP e o

Ty rw -—--vuw.-v---"mmn

P
10 15 20 25 30 40 45 &0 585 60

35
f (GHz)

Fig. 8. Complex permittivity values for human skin
in vivo (present results) and excised
skin tissue.
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